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Abstract 
 
 The San Rafael Volcanic Field, Utah, is a 4.6 Ma extinct monogenetic field that is 
found in the Northern Transition Zone of the Colorado Plateau. The field has been eroded, 
leaving the dikes, conduits, and sills visible. Within the sills we see evidences of immiscibility in 
the form of an intermediate syenite (~50 wt% SiO2) enclosed in a mafic shonkinite (~48 wt % 
SiO2). Field relations indicate that sills were formed due to single events (Richardson et al., 
2015), which makes in-situ differentiation the process at the origin of both rock types. 
Geochemical data supports differentiation of syenite and shonkinite from a single melt. The 
syenites are more enriched in LREE than shonkinites. The rocks are enriched in LREE compared 
to an OIB source, indicating melting of a hydrated lithosphere interacting with an 
asthernospheric garnet peridotite. Olivine with a composition of Fo80-90 further support 
asthernospheric origin, and pyroxenes indicate that depth of crystallization would have begun 
around 33 Km, indicating that the melt would have pooled at the base of the crust as it traveled, 
supporting base of the lithosphere origins. Rhyolite-MELTS modeling further supports 
differentiation within the sills as the formations of feldspars, biotite and hornblende did not occur 
until ~800m which would have allowed for fractional crystallization to occur, leading to the 
immiscibility process and resulting formation of syenite and shonkinite.
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1. Introduction 
 The process of immiscibility has been studied since the late 1800s (Rosenbusch, 1872) 
however, the study of immiscibility went out of style in the early 1900’s. Studies of 
Immiscibility began again in the 1970’s when evidence of the process was found in lunar 
samples by Roedder (1970). The process of immiscibility has been found to be the cause of 
many of the volcanic anomalies that can be observed in the field (Freestone, 1978). The San 
Rafael Volcanic field has been studied for almost as long, starting with Gilluly (1928), and with 
the most recent study carried out by Richardson et al. (2015). Although the San Rafael Volcanic 
Field has been studied for close to 100 years, no particular study has ever focused on the 
volcanic anomaly present in the form of syenite and shonkinite formations within the sills. Sills 
are the magmatic storage system for injected magmas. Sills tend to form when there is a 
weakness in the rock that allows for horizontal formation and will spread and widen, ending up 
meters to kilometers thick.  The presence of a volcanic anomaly has been mentioned repeatedly, 
however, both within studies focusing on the dikes within the San Rafael Volcanic field and as a 
comparison to other studied volcanic regions (Delaney and Gartner, 1997, 1986; Richardson et 
al, 2015; Gilluly, 1928; Kiyosugi et al, 2012; Carman, 1994). In these studies, various theories 
have been discussed regarding the presence of syenite and shonkinite formations within the sills 
and it was often stressed out that further research was required (e.g. Carman, 1994).The 
questions still stand as to what caused the process of immiscibility to occur, or if the two rock 
types (i.e. syenite and shonkinite) are even a result of immiscibility.  
2 
 The San Rafael Volcanic Field is one of the very few monogenetic fields with an exposed 
plumbing system in the world. Evidence suggest that melt was not only injected into the sills, 
differentiation was able to occur before it was extracted and erupted (Richardson et al., 2015). 
This is unique in itself as it offers the opportunity to study the plumbing system of a volcano and 
to better predict the workings of similar volcanoes. Studying the exposed dikes and sills of the 
San Rafael Volcanic field will be helpful in gaining knowledge of magma movement and 
storage. Furthermore, the evolution within the sills indicates the separation of a more silicic 
magma from an alkali gabbro, which, with addition to water volatiles within the system, means 
that the syenite is a more viscous and explosive magma. Studying the relations, petrogenesis and 
storage of the magma would help for future hazard assessments in volcanic regions of similar 
chemical composition.  
Studying the causes of immiscibility at the San Rafael Volcanic field also can give 
insights into the workings of other active volcanoes of a similar nature (Humphrys, 2011). 
Studying the evidence of immiscibility processes within the sills can provide information 
regarding the fractionation process underneath active volcanoes and the effect of fluids moving 
within a porous medium (Humphreys, 2011). Additionally, Philpotts (1982) noted that there is a 
large quantity of immiscible liquids in many volcanic rocks, which indicates that the process of 
immiscibility should be considered an acceptable form of differentiation during the late stage of 
crystal fractionation in common magmas.  
 Two main theories have been proposed to explain the causation for the sills to have two 
formations (i.e. syenite and shonkinite) within them. The first hypothesis is that there were two 
melts present, and (1) a gabbroic melt was injected into the sills and as it cooled, a more silicic 
melt was injected, and the greater temperature than the crystal mush mafic melt resulted in its 
3 
ascent forming blebs, veins and layers of syenite; or (2) the melt mixed at a higher temperature 
forming a homogenous melt until it reached lower pressures in the crust, where it would have 
separated within the sills or at a deeper magma chamber and was injected separately (Gilluly, 
1928). The second, and most preferable, hypothesis is that the syenite and shonkinite formation 
within the sills at the San Rafael volcanic field is due to the process of immiscibility in which 
one melt source was injected into the sills, and as crystal fractionation and cooling occurred, a 
residual silicic magma (syenite) formed.  
 In this study I will be determining magma storage, petrogenesis, and evolution in order to 
determine the causation of the process of immiscibility within the sills of the San Rafael 
Volcanic Field. This will be determined by obtaining whole rock major and trace element data, 
mineral major element data, and the petrological analysis of natural samples. This data will then 
be used in concordance with a geothermobarometer, geothermometer, the Rhyolite-MELTS 
model (Ghiorso and Gualda, 2015) and various diagrams.  
 The first chapter will be talking about the geologic setting in and around the San Rafael 
Volcanic field, including previous subduction of the Farallon Plate, the Colorado Plateau, Basin 
and Range Province, and Transition Zone. The second chapter will be explaining immiscibility 
including previous research into causes and appearances. The immiscibility chapter will also 
describe the immiscibility evidence within the sills of the San Rafael Volcanic Field and other 
regions of the world that have evidence of immiscibility which will later be compared to our 
field. The third chapter is the methods where I will go over the ways data was collected for major 
and trace element data, mineral major element data and petrological data of natural samples. The 
fourth chapter will go into detail describing the Rhyolite – MELTS model and Putirka’s 
geothermobarometer/geothermometer. This will explain how we used the models to represent 
4 
our data. The fifth chapter will be the representation of the preliminary results from the methods 
chapter. Chapter six will be the discussion. Here I will explain the results through the use of 
diagrams, the MELTS model and Putirka’s geothermobarometer/ geothermometer. The final 
chapter is the conclusions where I will list the findings this study provided.  
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2. Geologic Setting 
Colorado Plateau and Transition Zone 
The Colorado Plateau (CP) is a tectonically stable and relatively undeformed (Fitton et al., 1988) 
structural domain within the North American Cordillera (figure 2.1). The Plateau is bounded by 
the Basin and Range Province (BRP), to the W/SW, and the Rio Grande, to the E/SE (Alibert et 
al., 1986). The crust of the CP is estimated to be about 40km (Thompson and Zoback, 1979) and 
the lithosphere has been estimated to be between 120 and 140 Km thick (West et al., 2004; 
Levander et al., 2011; Porter et al., 2017). As a comparison, the rest of the North American 
Craton is ~200 Km thick and the lithosphere beneath the BRP is ~ 80 Km within (West et al., 
2004). Previous studies by Bird (1979 and 1988) have determined that delamination removed the 
lithosphere during middle Tertiary subduction, which is a major cause for the thickness of the 
lithosphere and CP volcanism. Recent studies conducted by van Wijk et al. (2010), Crow et al. 
(2011), Levander et al. (2011), Reid et al. (2012), and Porter et al. (2017) have indicated that the 
subduction of the Farallon Plate caused metasomatization of the lithosphere which has led to its 
thinning and mantle upwelling (figure 2.2). The lithosphere has been forming drips, which create 
thinner areas into which asthenospheric upwelling occurs resulting in a melt that is a mixture of 
lithosphere and asthenosphere. The metasomatized lithosphere allows for normally immobile 
elements to become part of the melt which is present in volcanic fields within the CP region – 
such as the Navajo Diatremes (Li et al., 2005).  
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 The CP has undergone major uplift and erosion, with an estimate of about 843m of 
erosion across the entire plateau since 30 Ma (Pederson et al., 2002). Erosion is thought to be 
driven by recent and ongoing uplift (Powel, 1875; Dutton, 1882; Davis, 1901; Hunt, 1956). 
However, uplift occurred along a stretch of time, rather than all at once with two principal 
factors. The first factor is subduction that occurred from the Cretaceous to the late Tertiary 
(Cross and Pilger, 1978; Christiansen and Lipman, 1972). Uplift has been renewed over the past 
5.5 Ma due to asthenospheric upwelling after the removal of the subducted plate (Lucchitta, 
1979; Li, et al., 2008; van Wijk et al., 2010). A second cause is indicated by Quaternary normal 
faulting along the plateau margins (Cross and Pilger, 1978; Christiansen and Lipman, 1972) 
which would be due to regional compression between the BRP and Rio Grande (Smith and Sbar, 
1974) as the CP is thought to be part of the same system as the BRP, Sierra Nevada and Rio 
Grande which have undergone uplift and extension over the last 20 Ma (Thompson and Zoback, 
1979).  
 The western physiographic edge of the CP is considered the transition zone between the 
BRP and the CP (figure 2.1), and is characterized by a 100-200 Km wide band of volcanism 
(Kempton et al., 1991), normal faulting, low Pn velocities, and high heat flow that is also 
characteristic of the BRP (Thompson and Zoback, 1979; Zoback and Zoback, 1980). The stress 
field that is responsible for the BRP extends 50-100 km into the CP (Thompson and Zoback, 
1979), therefore all volcanic fields that occurred along the CP edge are considered to be part of 
the Transition zone (TZ) (Fitton et al., 1988). The focus of volcanism is found in Utah and 
Arizona (Best and Brimhall, 1974; Leudike and Smith, 1978; Best et al., 1980; Tanaka et al., 
1986). Volcanism on the CP was initiated in the late Cenozoic with the most rigorous activity 
starting during the Miocene, which was simultaneous with volcanism in the BRP and Rio 
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Grande, linking them as part of BRP extension (Thompson et and Zoback, 1979). The earliest 
volcanism started around 19-28 Ma with the Navajo Diatremes and dikes (Laughlin et al., 1986) 
(figure 2.1), the youngest volcanism would be the Black Rock Desert at 800 yr BP (Hoover, 
1974; Oviatt and Nash, 1988) (figure 2.1). Magmatic activity on the CP/ TZ can be grouped into 
three categories: Paleocene-Oligocene Dioritic Laccolithic centres, Tertiary and Quaternary 
Basalt/ bimodal basalt-rhyolite fields along the margin, and Oligocene-Pliocene diatreme activity 
occurring in two pulses; diorite intrusions have been linked to Tertiary arc volcanism by 
Thompson and Zoback (1979). The northern part of the transition zone (NTZ) has been found to 
be compositionally different from the southern part of the transition zone (STZ) (Kempton et al., 
1991). The STZ volcanics have been associated with mantle origins due to their ultramafic 
compositions, apparent mantle derived nodules (Alibert et al., 1986), and hydrated magmas 
(McGetchin and Silver, 1972), which is most likely due to the former shallow subduction of 
oceanic lithosphere that was occurring beneath the CP (Helmstaedt and Doig, 1975). More recent 
research by Li et al. (2008) and Levander at al. (2011) has indicated that the subduction of the 
Farallon Plate led to a hydrated lithosphere which is recorded in mantle xenoliths (< 20 Ma) in 
the concentration of REE, fluid mobile elements, and High Field Strength Elements (HFSE), as 
well as a low Nb/La ratio, recent magmatism (<20Ma) is due to the resulting lithospheric drip 
and asthenospheric upwelling into the hydrated lithosphere (Levandar et al., 2011, van Wijk et 
al,. 2010; Li et al., 2008). This drip began after subduction steepening and resulting slab 
rollback, leading to a thinning of the lithosphere (Levander et al, 2011; Zoback and Zoback., 
1980). In summary these more recent volcanic fields have a geochemical signature that indicates 
arc and OIB parents, leading to the conclusion of metasomatisation of the lithosphere during 
subduction followed by intraplate magmatism. This is explained in more detail below. 
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The entirety of the western US geology is influenced to the subduction of the Farallon, 
and Kuala plate (Bunge and Grand, 2000). The TZ zone, BRP and Sierra Nevada are inferred to 
be a result of the Farallon plate being subducted, due to predictions made about plate movement 
by Bunge and Grand (2000) (figure 2.2). The BRP and Sierra Nevada provinces would have 
formed during and after the steepening of the slab and their tectonic structures would have 
formed due to slab subduction. TZ and CP volcanism is seen as a direct result of the slab 
subduction and resulting effects on the lithosphere. The Farallon plate was subducted from the 
late Cretaceous (~80 Ma) to the Early Tertiary (~35 Ma) (Atwater, 1970; Lee, 2005), and 
fragments that remain below the TZ can be observed through high S-wave velocity (Van Der Lee 
and Nolet, 1997). Uplift and the timing of volcanism in the western US, indicates the regions 
affected by the flat-lying subducted Farallon Plate (Bunge and Grand, 2000) as evidenced with 
the Navajo Diatremes ~30 Ma (Li et al., 2008) and the Sierra Nevada about 80Ma (Li et al., 
2008). Around 20 Ma shallow subduction ceased and was replaced by steep subduction which 
involved a narrowing of arc volcanism zone to the BRP, Sierra Nevada and Cascade region 
(Thompson and Zoback., 1979). The change in subduction angle may have resulted in the 
snapping of the shallow slab which remained underneath the CP and TZ as part of the lithosphere 
as it was metamorphosed and moved away by asthenospheric convection (Thompson and 
Zoback., 1979; Smith, 1995; Smith et al., 1999, 2004; English et al., 2003; Humphreys et al., 
2003; Smith and Griffin, 2005; Lee, 2005; Li et al., 2008; van Wijk et al., 2010; Levander et al., 
2011). Records of arc magmatism from this time allows for constraints on the slab geometry and 
evolution (Usui et al., 2003). Arc magma geochemistry have shown that the chemical 
compositions of mantle wedges is altered by fluid flux phase change due mainly to dehydration 
of the oceanic crust (Moriguti and Nakamura, 1998). During the phase change process, the plate 
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changes into eclogite due to an increase in pressure (Moriguti and Nakamura, 1998). Recent 
studies conducted on mantle xenoliths (like the Navajo Diatremes) indicates that as the slab was 
metamorphosed while hydration of the lithosphere occurred, which is evidenced by enrichment 
in LREE, HFSE (Nb, Ta, Zr, and Hf), fluid mobile elements, Pb, U, Ba, Ca and La (Lee, 2005). 
The ratio of Nb/La in this case is also low, indicating subduction-related fluids and OIB 
signatures (Smith, 1995; Smith et al., 1999, 2004; English et al., 2003; Humphreys et al., 2003; 
Smith and Griffin, 2005; Lee, 2005). This combined with petrographic similarities to crustal 
samples of eclogites from xenoliths in the CP indicate the possibility of fragments of the Farallon 
Plate being erupted or intruded (Hemstaedt and Doig, 1975).  
The cause for the delamination of the lithosphere underneath the CP may be due to the 
subduction of the Farallon tectonic plate, as previously mentioned by Bird (1979, 1988), which 
would have subsequently snapped (Thompson and Zoback, 1979). In concordance with Bird 
(1979, 1988), recent studies have inferred that the hydration of the lithosphere would have led to 
a viscosity change thus weakening it and making it less likely to rheologically resist 
asthenospheric convection (Humphreys et al., 2003; Li et al., 2008). The weakened lithosphere 
would have allowed for minor asthenospheric upwelling. Additioanlly,  lateral heating from the 
BRP asthenosphere would fertilize the lithosphere and cause a slight enough increase in density 
to promote drip (van Wijk et al., 2010; Crow et al., 2010; Levander et al., 2011; Zandt and 
Reiners., 2011; Humphreys et al, 2003; Thompson and Zoback, 1979; Humphreys, 1995; Reid et 
al., 2012). van Wijk et al (2010) also indicates that the CP lithosphere would have been colder, 
which would promote downwelling in addition to the convection of the asthenosphere. In 
summary the combination of the delamination of the lithosphere and resulting asthenospheric 
upwelling may have caused uplift in the CP, in addition to any compression from the 
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surrounding zones. The combination of asthenospheric convection and BRP lateral warming 
would have allowed for the melting of the lithosphere to occur resulting in CP and TZ volcanism 
which ranged from ~30Ma (Li et al., 2008) until 800 yr BP (Hoover, 1974; Oviatt and Nash, 
1988) .  
San Rafael Volcanic field 
Geology 
 
The SRVF is a distributed field located on the north western part of the Colorado Plateau, 
in central Utah, and can be considered part of the band of volcanism within the Transition Zone 
(TZ) (figure 2.1).The SRVF lies between the Water Pocket Monocline and the anticline of the 
San Rafael Swell (Delaney and Gartner, 1997) (figure 2.1). Dike formations are not parallel to 
the monocline, which has a strike of N20W and dip of 15˚ENE - 80˚ENE (Davis, 1999), or 
anticline axes, where the western leg dips 3˚WNW and the eastern edge dips 15-80˚E (Davis, 
1999), and trend towards the North East, parallel to the Colorado Plateau boundary, and Basin 
and Range province (Delaney and Gartner, 1997). Within this area of the plateau the lithosphere 
is between 80 and 120 Km thick (van Wijk et al., 2010; Levander et al., 2011). The SRVF is a 
recent field within the Cenozoic volcanism in the NTZ (Pederson et al., 2002) forming between 
3.8± 0.2 and 4.6 ± 0.3 Ma (Delaney et al., 1986). The SRVF is very similar to other Tertiary 
alkaline groups that show up scant, widely spaced fields across the western margin of the North 
American Craton and is the western limit of basaltic volcanism on the plateau (Delaney and 
Gartner, 1997). These similarities include changes in alkalinity, transitions from basaltic to more 
felsic compositions indicating evolution of the magma, and geochemical composition. 
Emplacement most likely occurred during a time of regional extension across the plateau of 15-
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20 mm/yr (Delaney and Gartner, 1997). This is inferred from a lack of fracturing around dike 
formations which would indicate that the region had a chance to ‘relax’ the intrusion induced 
stress through extension (Delaney and Gartner, 1997). Magmas had been emplaced into the 
following Jurassic host strata of the San Rafael group (labeled from oldest to youngest): the 
Carmel formation, Entrada Sandstone, and Curtis and Summerville Formations (Gilluly, 1928).  
Due to uplift of the Colorado Plateau and extensive erosion, the erupted products and surface of 
SRVF have been removed, exposing the shallow volcanic plumbing system (Diez et al, 2009). 
The field now exhibits a dike swarm that is 60 Km long and about 30 Km wide (Delaney and 
Gartner, 1997) with comagmatic and contemporaneous sills and conduits (Gilluly, 1929). The 
dike mean strike is N14W and are parallel to the N20W fractures in the Precambrian basement of 
the Plateau (Davis, 1978). Dike formation indicates a few hundred separate intrusions, and, 
based on brecciation having vertical contacts (Delaney and Pollard, 1981), dikes fed sills and 
vents in 40 – 50 separate episodes (Delaney and Gartner, 1997). There are 12 sills in the field, 
which have a maximum thickness 40 m (Delaney and Gartner, 1997; Richardson et al., 2015). 
Those solidified magma bodies are resistant to erosion and consequently form cliff-like outcrops 
that extend laterally for hundreds of meters (Delaney and Gartner, 1997; Kyosugi et al., 2012; 
Richardson et al., 2015). Those sills form the predominant physiographic features of the field 
and location names correspond to those topographic highs. From north-east to south-west, they 
are: Hebes Mountain (HM), TT Conduit (TT), Bad luck Sill (BL), Cedar Mountain (CM), Frying 
Pan (FP), Little Black Mountain (LBM), Gypsum Springs (GS), and Caramel Outcrop.   
 Within the SRVF two types of magmatic rocks have been observed: a mafic shonkinite 
(~47 wt % SiO2) and an intermediate syenite (~50 wt % SiO2) (Williams, 1983) which are 
described in a later section.  Shonkinite is found within dikes, sills and conduits, whereas syenite 
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is primarily found within sills. Petrology and geochemistry of those rocks are described in a later 
section.  The presence of magmatic water has led to the formation of significant amounts of 
biotite and hornblende, and some evidence of hydrothermal activity would explain the presence 
of serpentinized olivine.   
 
 The sills at SRVF are the primary areas where syenite is found, usually enclosed in 
shonkinite (Gilluly, 1927). Previously, what is now known as shonkinite was called analcite 
diabase by Gilluly (1927) because analcite usually replaces feldspar and forms as a pseudomorph 
of nepheline (Barker and Long, 1969; Deer at al., 1977). The study by Williams (1983) on a 
stratigraphic section at Cedar Mountain is the first to describe the petrography of the two types of 
rocks, with additional whole-rock and mineralogical chemical analyses. His study was also the 
first to look at the possibilities behind the reason for these two distinct magmatic formations in 
the form of shonkinite and syenite. The following descriptions are based on his studies.  
Shonkinite 
Shonkinite is dominant within dikes, sills, and conduits. The rock is enriched in K2O 
(~3.15 wt%), MgO (~9.81 wt%), and CaO (~7.44 wt%), and are depleted in SiO2 (~47.5 wt %) 
and Na2O (~3.8 wt %). Shonkinite has a general microporphyritic texture that grades from 
aphanitic-porphyritic to medium grained subophitic to glomeroporphoritic. Shonkinite is defined 
by the presence of: salite (clinopyroxene), biotite, sanidine, olivine and magnetite with lesser 
amounts of apatite, analcite, amphibole and plagioclase. Crystallization order of minerals in 
shonkinite is: olivine, magnetite, apatite, salite (pyroxene), plagioclase, biotite, kaersutite, 
sanidine, and last to form are thompsanite/ analcite/ natrolite/ serpentine. Clinopyroxene is the 
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major mafic phase within shonkinite, and ranges in composition from Wo46En43Fs11 to 
Wo50En37Fs13. Grains range from tabular to prismatic in shape and are commonly euhedral. The 
pyroxene has a tendency to rim olivine, and has some intergrowth with plagioclase and biotite. 
Biotite is occasionally a more prominent mineral phase than pyroxenes, but is mostly a 
secondary phase with euhedral crystals. The composition ranges from Phlog53An47 to 
Phlog56An44. Olivine has a composition range from Fo85-88 and unaltered crystals have 
inclusions of magnetite. Olivine near the sill margins of the shonkinite is altered or replaced 
completely by serpentine and pyroxene, however this is also observed within the center of the 
shonkinite layers. Two feldspars are present within the shonkinite bodies: sanidine and 
plagioclase. These vary in prominence depending on location within the sill. Sanidine (potassium 
feldspar) is the essential felsic mineral at 15-20 % crystal dominance. The crystals tend to form 
in two modes: 1. Tabular, unaltered crystals or feathered crystals, 2. Jackets enclosing 
Plagioclase (An45). Some potassium feldspar is also present as groundmass.  Plagioclase crystals 
increase in abundance towards sill margins of the shonkinite bodies where it can exceed the 
crystal % of sanidine. The average composition of plagioclase is An60.Magnetite is subhedral to 
euhedral, and titaniferous in composition. The high TiO2 (~1.62 wt%) indicates that the parent 
melt also had higher amounts of Ti. Magnetite formed before and during olivine and pyroxene 
alteration.  
Mg and Ti content within pyroxenes is usually a good pressure indicator, where TiO2 will 
generally increase with decreasing Mg# (Wass, 1979). At CM there is a drop in TiO2 with 
increasing MgO which indicates low pressure formation of pyroxenes. The early crystallization 
of magnetite would keep pyroxene from having large amounts of Ti (Verhoogen, 1962) which 
would inhibit our ability to use pyroxene to determine pressure. The Ti results was compared to 
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Al2O3, another pressure indicator (Wass, 1979), which also indicated low pressure formation of 
pyroxenes. This indicates the possible formation of pyroxenes during storage and cooling in the 
crust. However a lower Al2O3 content (~5.65 wt%)  may be dependent upon oxygen fugacity 
which could cause the crystallization of Al-poor pyroxenes.  
Syenite 
 Syenites are petrologically similar to shonkinites, as they have almost the same 
mineralogy just different amounts. Syenites are characterized by sanidine, salite (clinopyroxene), 
biotite, magnetite, plagioclase and olivine, rarely there is apatite. The texture of syenite is 
different from shonkinite, as it tends to be medium to course hypidiomorphic-granular. This rock 
type is enriched in Na2O (~5.05 wt%), K2O (~ 4.2 wt%), CaO (~7.43 wt%) and are depleted in 
MgO (5.12 wt%), however syenites are more enriched in SiO2 than shonkinite with ~49 wt% 
SiO2. Feldspar is the major mineral phase in syenite. Plagioclase and sanidine amounts fluctuate 
with sanidine being primarily dominant. Sanidine compositions range from Or46Ab42An12 to 
Or56Ab38An6, and when zoned tend to have a depletion of CaO and Al2O3 from core to rim with 
an increase in K2O. Plagioclase composition ranges from An45-60 and occurs either as 
intergrowths with salite or as separate euhedral grains which are partially altered. Mafic minerals 
within syenites are pyroxene, biotite, hornblende and magnetite. Pyroxene and biotite usually 
occur as intergrowths and individual subhedral grains. Pyroxene decreases as sanidine increases 
and usually form many crystals that are rimed by euhedral apatite or magnetite. Hornblende has 
yellow-green pleochroism and occur as overgrowths, most likely due to a hydrothermal phase. 
Biotite grows in euhedral-anhedral crystals with some having broken edges indicating crystal-
liquid disequilibrium. Discontinuous swirls of aligned biotite crystals formed as a result of local 
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mobility of syenite liquid. Olivine in syenites are completely altered into serpentine, with some 
having biotite rims.  
Dikes 
 Dikes are primarily made up of shonkinite and are generally uniform in composition 
(Gilluly, 1927). Dikes in the region are discontinuous but show a general en-echelon 
arrangement which is not due to post volcanic faulting (Gilluly, 1927). These irregular dikes 
most likely coalesce at depth as ‘parent’ dikes (Delaney and Gartner, 1997). The irregularities 
were preserved due to propagation ending after it had begun to feed a sill or vent to an eruption 
(Delaney and Gartner, 1997). Dikes do appear to thicken towards their tops and lengthen at the 
deeper points, according to modeling that Delaney and Gartner (1997) conducted. Dikes also 
appear to have spread laterally in order to maintain dike stress intensities for upward movement 
(Delaney and Gartner, 1997). Contact metamorphism and wall rock alteration occurs along many 
dikes (Kiyosugi et al., 2012). Kiyosugi et al. (2012) also found 2000 dike segments through the 
use of satellite imagery.  The majority of these dike segments don’t have corresponding conduits 
indicating that intrusive events were more common than eruptions (Kiyosugi et al., 2012). 
Gartner and Delaney (1988) found about 45 dikes with brecciation which mixed shonkinite and 
country rock; they also found that alteration occurred locally around dikes (Delaney and Gartner, 
1997).  
Sills 
Sills in the SRVF host two rock types: syenite and shonkinite. Shonkinite predominates 
the sills, and syenite is present in the forms of lenses, veins, and ocelli (Williams, 1983). 
Syenites are formed from residual magma most likely through silicate- liquid immiscibility and 
fractional crystallization from shonkinite (Williams, 1983). Sills in the SRVF have a tendency to 
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dip slightly to the WNW (1-8 degrees) with a range of thickness from <5m – 40m (Richardson et 
al., 2015). Sills also tend to have a thick center 10s of meters high and thin tapered edges, that, 
paired with roof lifting for ascent, indicates that emplacement was pressure driven (Richardson et 
al., 2015). Sills have prevalent contact metamorphism and alteration of the wall host rock 
(Delaney and Gartner, 1997). The irregular shapes and sizes of the sills also indicate a single 
injection event per sill rather than multiple injections (Gudmundsson, 2012). Richardson et al. 
(2015) found evidences of seven separate sill forming events in the shallow crust within a study 
area of HM, CM, and BL. Sill volume incorporates 93% of the stored volume in this restricted 
area thus indicating how critical sills were in the SRVF for storage (Richardson, et al., 2015). 
Shallow sills would have affected eruption dynamics, such as the concentration of ascending 
bubbles where conduits and sills meet (Conte, 2000). In addition, sill formation at shallow depths 
helps indicate magma movement. This means that sill studies conducted at SRVF can help 
understand magma movement at other volcanic fields (Richardson et al., 2015). Thus predicting 
magma movement and storage at active fields would be made easier.   
Conduits 
In the study area conduits are plug-like bodies which are found to have breccias and 
formed along dikes and some sills (Delaney and Gartner, 1997; Diez et al., 2009). Conduits 
would have fed the magma to surface vents and are usually found to be >10m in diameter, with 
most <40m and the largest being around 100m (Kiyosugi et al., 2012). There are 63 total 
conduits within the SRVF, with 61 containing shonkinite and only 2 containing syenite (Kyosugi 
et al., 2012). Twelve conduit forming events have been found by Richardson et al. (2015) in the 
CM, HM, and BL area, the NE corner of the SRVF. Most conduits have had wall rock erosion 
associated with magma flow and is indicated to be the dominant formation process; this is 
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characterized by a steeply dipping funnel shape body, liquefaction and brecciation of country 
rock (Kiyosugi et al., 2012). Contact metamorphism has been found in shonkinite conduits and 
indicates sustained high heat during emplacement and formation (Kiyosugi et al., 2012). Syenite 
conduits, however, would have been fed by sills rather than dikes, and could be the result of 
diaphiric ascent from said sills (Diez et al., 2009).  Conduits containing syenite could indicate 
evolution of the intruded magmas before eruption. Kiyosugi et al. (2012) used a parametric 
Kernel Function method with elliptical bandwidth (known as SAMSE Kernel Matrices) (Connor 
and Connor, 2009; Kiyosugi et al., 2010) in order to measure the spatial density of the field. He 
stated that advantages of the method is a quantitative measurement of the density and anisotropy 
in the volcanic distribution – i.e. how the dikes and conduits are clustered.  Kiyosug et al. (2010) 
found that the conduits and dikes have a clustered pattern that is a reflection of melt distribution 
at the subsurface.  He then compared this to other distributed fields such as Springerville 
Volcanic Field, Izu-Tobu Volcanic Group, and Abu Monogenetic Volcano Group (Aramaki et 
al., 1997; Kiyosugi et al, 2010; Condit, 2010; and Kiyosugi et al., 2012) due to their similar vent 
distribution. These fields had also undergone high magma fluxes and formed more volcanoes 
during a short period of time like the SRVF and may have similar activity. A recent study 
conducted by Kiyosugi et al. (2012) indicates that the SRVF is still relevant in volcanic studies 
for hazard assessment. The SRVF can be used as a comparison to similar fields that are still 
active in order to try to understand magma movement and storage events.  
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Cedar Mountain, Frying Pan, Bad Luck, Hebes 
Mountain, and TT Conduit 
 
 Hebes Mountain (HM) (figure 2.3) is a 1.9km2 sill that was exposed in a 4km2 area 
(Richardson et al., 2015). The sill tends to dip to the northwest at an angle of 1-8 degrees 
(Richardson et al., 2015). The sill is elongated and thins primarily to the south, with a thickness 
increase trending towards the dip direction (Richardson et al., 2015).   
 Cedar Mountain (CM) (figures 2.3 and 2.4) is composed of a large sill, some smaller sills 
and corresponding dikes (Williams, 1983). The sills are between 5 and 40m thick with the dikes 
ranging from 80-100cm thick (Richardson et al., 2015). The large sill emplaced near the top of 
the Entrada Sandstone is about 29m thick (Williams, 1983). The sills also dip to the WNW at 2-5 
degrees, and crops out next to a conduit that has been associated with a 2km long dike on CM 
(Richardson et al., 2015). The conduit appears to be associated with the sill as well, which is 
taken from the continuous basalt between them, indicating they are comagmatic (Richardson et 
al., 2015). The contact points between the sills at CM and the host rocks are relatively sharp and 
with minimum amounts of contact metamorphism (Williams, 1983). Carmel Outcrop (CO) is 
considered part of the CM region (figure 2.4) of the SRVF (Delaney and Gartner, 1997). The 
outcrop has basaltic plugs and domes (larger sills) (Diez et al., 2009). There are some sills 
present off the dikes, below some of the domes present (Diez et al., 2009). Vertically elongated 
vesicles are present in plugs, indicating the boiling of the deposit and vertical movement 
according to Diez et al. (2009).  
 Frying Pan (FP) (figures 2.3 and 2.5), Moronic Buttes (CMFP) (figures 2.3 and 2.4), TT 
Conduit (figures 2.3 and 2.5), and Bad Luck (BL) (figures 2.3 and 2.5) are sill and dike 
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complexes with corresponding conduits.  The sills vary in thickness with a maximum of 30 m 
(Williams, 1983) with dikes being around 1 – 5 m thick (Delaney et al., 1988) and conduits 
around 10m in diameter (Kiyosugi et al., 2012). Sills have chilled margins with the dikes, 
indicating that they were emplaced after sills had cooled, and so, sills had been crosscut by 
younger dikes (Gilluly, 1927, 1929; Williams, 1983; Gartner, 1986). The sills are similar in 
composition to the dikes, with feldspar being more predominant than the mafic minerals 
(Gartner, 1986) except that the sills tend to have a slight dip of 1-5 degrees to the NW 
(Richardson et al, 2015). Within the SRVF the focus of this study will be upon BL, CM, FP, and 
CMFP in order to determine causation for the immiscibility process that is responsible for the 
separation of syenite from shonkinite. 
Recent Studies on the SRVF 
 There have been more recent studies conducted on the sills and dikes within the SRVF. 
Of these include work by Kiyosugi et al. (2012), Richardson et al. (2015) and unpublished field 
notes by Dr. Aurelie Germa.  Richardson et al. (2015) study observed that sills at CM range from 
about 5-40 Km thick, rather than a maximum of 30Km like what Williams (1983) found. The 
study also inferred that the shapes of the sills were irregular (Richardson et al., 2015) which 
indicates that formation occurred due to one event according to research done by Gudmundsson 
(2012). Sill thickness is also estimated at 10s of meters thick in the center, but tapers at the 
edges, which indicates that sill formation was pressure driven, supporting a one even formation 
(Richardson et al., 2015). According to Richardson et al. (2015) study there were seven sill 
forming events and twelve conduit forming events. Kiyosugi et al. (2012) found that conduits 
formed off of dikes have observable contact metamorphism, indicating that the melt sustained 
high-heat. This is supported by Diez et al. (2009) findings of vertically elongated vesicles in the 
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melts, which indicates the ‘boiling’ of wet deposits during vertical movement, which may also 
indicate support for hydrothermal activity within the system. Kiyosugi et al. (2012) observed that 
there were more dikes and sills than conduits, indicating that intrusions were more common than 
eruptive activity.  Richardson et al. (2015) also mentions that there are two sill derived conduits 
at CM, which coincides with Kiyosugi et al. (2012) findings that most conduits are dike derived.  
 Richardson et al. (2015) observed that sills are where syenite is predominantly found, 
outside of sill conduits. The study found that syenite was visible in the form of blebs, veins and 
layers (Richardson et al., 2015) coinciding with Williams (1983) research. Germa (unpublished 
field notes, 2011) observed layered dikes in the field, including CM, FP, CMFP and BL. The 
layered dikes at FP would have syenite on the top, and an intermediate material below it and then 
shonkinite. Some dikes additionally would intersect these sills indicating intrusions after they 
had cooled (Germa unpublished field notes, 2011).  Germa (unpublished field notes, 2011) also 
observed syenite presence within sills as veins and blebs, which were more intermediate in 
appearance than the shonkinite, and had a course grained appearance, with biotites visible. 
Shonkinites were observed as fine grained basalts, within the sills and dikes (Germa unpublished 
field notes, 2011). Other observations included sandstone xenoliths within the melt, particularly 
in conduits supporting quick ascent as they did not have a chance to be fully integrated into the 
melt (Germa unpublished field notes, 2011).  At CM Germa (unpublished field notes, 2011) 
found conduits housing coarse grained syenites and shonkinite dominant dikes with veins and 
ocelli of coarse grained syenites.  Observations of syenite indicated they were porphyritic in 
texture, and had prominent phenocrysts of biotite, hornblende, altered olivines and feldspars 
(Germa unpublished field notes, 2011). Shonkinites were found to be fine grained in texture by 
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comparison throughout the field and with occasional observable phenocrysts of olivine (Germa 
unpublished field notes, 2011). 
 Comparing the SRVF to other fields of known immiscibility is pertinent to understanding 
similarities between the study area and other volcanic fields. Similarities found will help further 
support that it is the process of immiscibility found at the SRVF that led to the development of 
syenite and shonkinite within the sills. Field investigations conducted by Richardson et al. 
(2015), Kiyosugi et al. (2012) and Germa (unpublished field notes, 2011) will  help support 
geochemical analysis suggesting immiscibility, as will field investigations from these other 
volcanic fields.  In particular studying geochemical similarities between the fields will help 
understand and support how immiscibility works in the SRVF.
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Figure 2-1 Map of the Western US. Map features the CP, BRP, Rio Grande, Sierran Province, SRVF, Fields of Geological comparison and other fields that are present within the 
CP and TZ.  
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Figure 2-2 Representation of Subduction and Effects. This figure is based upon studies conducted by Li et al. (2005), van Wijk et 
al. (2010), Crow et al. (2011), Levander et al. (2011), Reid et al. (2012), and Porter et al. (2017). A. Representation of the 
Farallon Plate being subducted underneath the continental plate and the beginnings of hydrating the lithosphere. B. Subduction 
steepens   , moving the plate deeper, a subsequent snap of the Farallon plate occurs which is metamorphosed and sinks allowing 
for asthenospheric upwelling to begin  C. Beginning of Lithospheric Drip and Asthenospheric Upwelling. D. Result of 
Asthenospheric Upwelling and Lithospheric Drip with a melt beginning to form as the upwelling mixes with hydrated lithosphere. 
24 
Figure 2-3 Sample map of the Whole of the SRVF indicating regions of sampling. Map was made with the help and advisement of 
Dr. Aurelie Germa 
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Figure 2-4 Sample map for CM and CMFP. Map was made with the help and advisement of Dr. Aurelie Germa 
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Figure 2-5 TT Conduit and BL sample location map. Map created with the help and advisement of Dr. Aurelie Germa. 
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Figure 2-6 FP sample location Map. Map created with the help and advisement of Dr. Aurelie Germa 
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3. Immiscibility 
 
Differentiation within a system usually results in a suite of rocks that are more and more 
evolved over a period of time, such as what we see at the Lassen Region, CA and San Fransisco 
Volcanic Field, AZ. The difference between differentiation over time, and differentiation due to 
the process of immiscibility is that the process leads to two syn-eruptive melts that are 
compositionally different. 
What it is 
 The process of immiscibility is the separation of two chemically distinct fluids after they 
have been mixed together, such as oil and water (Roedder, 1978). Within volcanology 
immiscibility is used to describe the formation of two rock types that separated from one melt 
source, from two sources that cannot mix. Descriptive terms for this process include: magma un-
mixing and magma differentiation (Pirsson, 1905; Bowen, 1928; Barksdale 1937; Freestone, 
1978; Furguson and Currie, 1971; Philpotts, 1971, 1976). There are many features that are 
descriptive of immiscibility, however the most essential of these is that at a given temperature, a 
melt will no longer be able to stably exist and will split into two compositionally different melts 
(Roedder, 1978), which occurs when the Gibbs free energy of the two coexisting liquids is less 
than the one of the singular liquid.  This can be due to cooling, or cooling and crystallization. 
The splitting is completely reliable on the composition of the melt rather than the amount of 
crystals present (Roedder, 1978). Immiscibility is the most likely cause for many of the 
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compositional features we see today in igneous formations (Freestone, 1978) such as fluid 
inclusions, blebs, ocelli, veins, pockets, and sheets which are described in Table 3.1. Most 
magmas that have crystallized exhibit some stage of immiscibility, such as fluid inclusion 
(Roedder, 1992), Fe or Ti rich inclusions (Humphreys, 2010; Kamenetsky et al., 2013), or silica 
rich separations from a gabbroic parent (Roedder, 1978, 1984; Philpotts 1971, 1976; Kendrick 
and Edmond, 1981; Philpotts and Doyle, 1983; Yardley and Bottrell, 1988; Delaney and Gartner, 
1997; Kontak et al., 2002).  
 
What causes it 
Studies related to causes for the process of immiscibility can be dated back to 1895 (Weed and 
Pirrson) and possibly even further, where suggestions are made that differentiation occurred due 
to crystallization and magma convection. Studies conducted since the 1970s, and show that 
immiscibility followed along the lines of fractional crystallization and a more silicic magma 
resulting from a basaltic magma (Philpotts, 1971, 1976; Philpotts and Doyle, 1983; Roedder, 
1978, 1984, 1992; Freestone, 1978; Kendrick et al., 1981; Yardley and Bottrell, 1988; Carman, 
1994; Kontak et al., 2002; Humphreys, 2010; Sensarma and Palme, 2013).  
 Roedder (1978) suggests the use of a ternary diagram with the limits of an immiscibility 
field that the magma must reach (two liquid system), which can occur based on the composition, 
temperature, pressure, and volatile content within the magma. Roedder (1978) also concludes 
that the best indicator of immiscibility is to see the meniscus around immiscible glass, which 
does in fact disappear if the nucleating immiscible liquid is able to coalesce into ocelli or even 
into sheets (table 3.1). It would appear that immiscible glasses of residual liquid, volatiles and 
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ores are the most common results of immiscibility (Roedder 1978; Humphreys et al, 2010; 
Sensarma and Palme, 2013). There are cases where it has resulted in sheets (table 3.1), such as 
Rattlesnake Mountain, Connecticut, SRVF, Big Bend, Texas and Shonkin Sag, Montana 
(Barksdale 1937; Kendrick and Edmond, 1981; Philpotts and Doyle, 1983; Williams, 1983; 
Carman, 1994; Humphreys et al., 2010) Immiscibility can result in glasses when quenching 
occurs at the metastable liquidus (Roedder, 1977; Potter et al., 2016), whereas other results occur 
at the stable liquidus (Roedder 1977). These results include sheet like bodies, and ocelli of 
differentiated fluid (table 3.1).  
Fractional crystallization seems to be the agreed upon for being the leading cause for the 
process of immiscibility, as mentioned above. Immiscibility results in two separate magma types 
(silicic/intermediate and mafic), this separation is completely dependent on the parent magma 
composition (Roedder, 1978). One major way that magma composition changes is through 
fractional crystallization. In this process, as a mineral crystallizes it is essentially removed from 
the melt, leaving the melt geochemically different from the parent magma. Igneous bodies where 
immiscibility resulted from fractional crystallization would thus have zoned crystals due to 
crystal settling, which would be visible in thin section. Examples include the fractionation of 
mafic minerals such as olivine and pyroxene, this would lead to a more silicic magma, and, 
under the right conditions, this residual magma could then separate from the parent resulting in 
differentiation and so an igneous rock suite. As mentioned by Roedder (1978), once the field of 
immiscibility is reached the parent magma can then split. However, Roedder (1978) also 
mentions the possibility of the immiscibility process occurring from the melt while fully liquid, 
which could be the result of fractional crystallization or other factors, such as crustal 
contamination, metastable quenching, and volatile exsolution. Fractional crystallization is the 
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ideal factor in the immiscibility process due to its ability to occur at a variety of pressures and 
temperatures. As the crystallization of minerals follows Bowen’s reaction series, the ability for 
crystals to fractionate out during movement is unlikely, however when magma is residing in a 
chamber, or sills, then fractionation is more likely. Samples with immiscibility evidences has 
been found predominantly in sills (Gillully 1923; Freestone, 1978; Philpotts, 1979; Aarnes et al, 
2008; Humphreys, 2010; Galerne et al., 2010; Zurevinski and Mitchell 2011; Polat et al, 2011; 
Sensarma and Palme, 2013; Kamenetsky et al, 2013), thus, leading to the initiation of 
immiscibility being tied to fractional crystallization. However, fractional crystallization is not 
necessary for the process of immiscibility to be initiated, this is just a very likely situation for it 
to begin. To re-iterate, the process of immiscibility is compositionally caused (Roedder, 1978). 
This means a change in pressure and temperature resulting from a melt rising through a dike 
could initiate the process of immiscibility, as could the addition of volatiles, either of which 
could potentially change the melt composition.  
Oxygen fugacity (fo2) plays a major part in the immiscibility process, as it can enlarge the 
field of immiscibility (Roedder, 1978; Freestone, 1978; Philpotts, 1983). The involvement of 
H2O is necessary for oxidation of the magma, however this does lead to a threshold when it 
comes to fo2, for example, if it is too high or too low nothing happens (Philpotts, 1983). fo2 
increases the chance for FeO rich melts to differentiate according to Freestone’s (1978) 
experiments. These experiments indicated H2O presence was key for the correct fo2 to be 
reached in order for the immiscibility process to occur and be recreated, particularly in Fe-rich 
magmas. Kendrick et al. (1981), Yardley and Bottrell (1988), Carman (1994), Kontak et al. 
(2002), and Lester et al. (2013) agree with H2O involvement within the immiscibility process. 
These authors mention minerals that are volatile dependent in order to form, such as apatite and 
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amphiboles, and/ or mentioned the use of H2O in experimentation to recreate immiscibility. 
Volatiles, like H2O, are more likely to become partitioned into the more silicic phase as the 
magma body splits, it is also more likely to move upward, which can explain buoyancy 
differences that appear to occur, such as silicic material being above the mafic material due to 
mafic magmas being more dense than silicic material (Roedder, 1978). The H2O now in the 
silicic system would also explain the appearance of crystal phases such as amphiboles.  
Pressure is also a factor of the silicate liquid – immiscibility process as mentioned by 
Roedder (1977, 1978, 1991). In his 1991 paper Roedder mentions that major pressure drops can 
affect the onset of the immiscibility process, and could even lead to further immiscibility within 
a system. Therefore, pressure is not only important, but drops in pressure are quite effective in 
initiating the process of immiscibility. Philpotts and Doyle (1983) also talked about pressure 
requirements in his research on fo2, in which he stated that a certain pressure was indeed 
necessary to reach the threshold for immiscibility to occur, thus indicating that in addition to 
sensitivity to oxidation, if the pressure is not low enough immiscibility would not occur. This 
would imply that pressure, oxygen fugacity and fractional crystallization are dependent variables 
for immiscibility initiation.  
Both Philpotts (1983) and Roedder (1978) conducted research on tholeiitic magmas, and 
indicated that most tholeiitic magmas do in fact give evidence for silicate-liquid immiscibility. 
However, Philpotts and Hodgson (1968) and Freestone (1978) mention alkali magmas in their 
research literature, indicating that the process is not unique to tholeiitic magmas. Roedder (1979) 
also referenced a large body of research that was conducted primarily on alkali magmas. As with 
Philpotts (1983) and Roedder (1978), Freestone (1978) discusses silicic magma differentiating 
from a gabbroic melt, thus resulting in two distinct melts in the sills of Shonkin Sag, Montana. 
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The silica rich magmas in his study were enriched in K2O and Al2O3, and depleted in FeO, TiO2, 
and P2O5. The authors mention a split in silicic and gabbroic magmas, however, the difference in 
composition shows that although this is consistent with silicic and mafic material, the process 
can occur over a range in alkalinity. Thus, for immiscibility to occur in alkali magmas an 
enlargement of the immiscibility field would be required (Freestone, 1978). This would be 
possible with an increase in P2O5 and TiO2 within the melt (Philpotts and Doyle, 1983; 
Freestone, 1978). In general, it has been determined by Philpotts and Doyle (1983), Freestone 
(1978), and Roedder (1978, 1983) in particular that the process of immiscibility can occur in a 
variety of magmas, including Fe rich magmas, tholeiitic magmas, alkali magmas, and H2O 
volatile involvement.  
Where does Immiscibility Occur? 
 Immiscibility features in igneous bodies have been identified within multiple geologic 
settings and compositions, from India (Sensarma et al,, 2013) to Canada (Zurevinski and 
Mitchel, 2011). The SRVF has possible evidences of immiscibility within the sills, which is 
visible with syenite blebs, ocelli and layers within shonkinite. My aim is to compare the SRVF 
data to other fields with known evidences of immiscibility in order to determine field similarities 
to support this theory.   
Comparing the SRVF to other fields of known immiscibility is pertinent to understanding 
if immiscibility is the process leading to the existence of two syn-eruptive melts within sills at 
SRVF. Field investigations conducted by Kiyosugi et al. (2012), Richardson et al. (2015), and 
Germa (unpublished field notes, 2011) will  help support geochemical analysis suggesting 
immiscibility, as will field investigations from these other volcanic fields.  The fields used within 
this study include: Shonkin Sag, Montana (Kendrick and Edmond, 1981), Big Bend Texas 
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(Carman, 1994), North Mountain Formation, Nova Scotia (Kontak et al., 2002), and the 
Skaergard Intrusion (Veksler et al., 2007; Humphreys, 2010; Chariler et al, 2015). (Figure 3.1).  
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Table 3-1 Description for terms related to formations resulting from immiscibility 
Term Description 
Fluid 
inclusion 
Microscopic inclusion of immiscible fluid that has been frozen. This can be found within matrix, crystals, or  
within blebs and ocelli. These inclusions tend to be µm in diameter. A detailed description and images can be found 
in Roedder, 1984.  
Bleb/ 
Globules/ 
Ocelli 
Circular formation that is made up of immiscible fluid. These are usually mm-cm’s in diameter and are found within 
a mafic material as they rose. These formations are less dense than the surrounding magma. They coalesce into 
pockets, veins and sheets as they rise. (figure 3.2) 
Lense 
A coalescence of ocelli. Lenses are cm’s in length, and are oblong, appearing like a lense shape. These then are able 
to coalesce into veins. Lenses are also found as broken pieces of country rock within a sill. (figure 3.3) 
Leucobands Up to 5mm thick ribbon like formations. Most likely due to the coalescence of blebs  
Pocket 
A coalescence of ocelli into a large cm - m diameter circular form. These are caught within a cooling magma  
as they rise. (figure 3.4) 
Vein 
Long interconnected formation of magmatic material (usually immiscible but can also be caused by a separate 
intrusion) within another magmatic formation. Usually mm - cm thick, and can have a length of a few m. Visually 
look similar to veins in human anatomy or marble. (figure 3.3) 
Sheet 
Coalescence of ocelli, or pockets, that have risen due to their buoyancy. This accumulation can normally be found at 
the top or middling area of a sill where the fluid can be trapped as the sill cooled. These can also be encased in 
surrounding magma as they moved such as at SRVF. These tend to be a few cm to m thick and can be the length of a 
sill.  (figure 3.5) 
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Figure 3-1 Map of regions with evidence of Immiscibility to be compared to SRVF. 
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 Figure 3-2 Example of Blebs at Hebes Mountain, San Rafael Volcanic Field. Photo courtesy of Dr. Paul Wetmore. 
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Figure 3-3 Representation of a syenite vein and lense from FP. Photo courtesy of Dr. Aurelie Germa. 
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Figure 3-4 Example of a pocket of syenite at FP. Photo courtesy of Dr. Aurelie Germa. 
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Figure 3-5 Example of syenite layers at FP, outlined in yellow. Photo courtesy of Dr. Aurelie Germa. 
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4. Methodology 
Sample Collection 
 Faculty and students from the School of Geosciences (Major Participation: Dr. Chuck 
Connor, Dr. Zachary Atlas, Dr. Aurelie Germa, Dr.Ivan Savov, Dr. Paul Wetmore, Dr. Jacob 
Richardson, Elisabeth Gallant; Minor Participation: Koji Kiyosugi, Brian Ferweda and Judy 
McIlrath) have previously collected ~150 samples from the SRVF between 2010 and 2014. 
These samples were observed for weathering, and freshness and 27 samples, 9 syenites, 17 
shonkinites and one shonkinite with a syenite vein, were chosen from BL, CM, FP, and Moronic 
Buttes (CMFP) to conduct petrological and mineralogical investigations for this study (see figure 
2 from Geologic Setting). Sample selections were based off of freshness, vesiculation, region and 
rock type – shonkinite, syeno-diorite or syenite. 
Thin Section Preparation  
Samples were made into 30 µm thick thin sections on standard sized thin section glass 
which were then studied under plain polarized and cross polarized light to determine their 
petrology. Thin sections were sanded to the proper thickness and then polished using 9µ 
aluminum oxide grit in order for them to be properly prepared for geochemical analysis using an 
electron probe.  
 Petrological observations were conducted to constrain mineralogy of the sample, mineral 
percentage, and grain size. Mineral percentages were also taken for shonkinite and syenite 
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separately by determining a mean percentage for each type of rock. Eighteen thin sections were 
made and twelve were ‘mapped’ for microprobe analysis, which consisted of circling areas of 
interest that were to be probed, (figure 4). Each area was photographed at a 40x magnification in 
both plain and cross polarized light for further identification of analyzed crystals (figures 2-14), 
figures 15-20 are thin section images taken from the microprobe during sampling. 
EPMA 
  Samples were sent to the Florida Center for Analytical Electron Microscopy at Florida 
International University, Miami FL. They were carbon coated using an EMS950X Turbo Pump 
Carbon Coater. Electron Probe Microanalysis (EPMA) has been proved to accurately be able to 
determine small (µm) sized points, which makes it an ideal engine for geochemical examination 
(Wittry, 1958; Shapiro, 1966). The probe is a JEOL 8900R Superprobe which contains five 
spectrometers. The measuring point beam width was 0.5x10-8µm, with a current of 2.07 E -8 nA, 
an accelerating potential of 15 kV, and 10 second counting speed for each point. Sample data 
were collected with five 2-crystal WDS spectrometers. Calibration of the probe was done with a 
ZAF correction using standards (table 4.1). ZAF corrections were made for absorption, 
florescence, and atomic number (the number of electrons). The standards used for correction 
were based upon mineral phase and major element which can be viewed in table 1. The 
instrument was remotely controlled from USF. An electron beam strikes a chosen point on a 
crystal, resulting in a displacement of electrons as an x-ray backscatter which is analyzed and 
provides information for major element data (Wittry, 1958). Each element has a characteristic x-
ray response when returning to ground state, with a specific wavelength that the machine is able 
to record and compare to standards. The amount of backscatter response indicates the 
concentration of a specific element at the analyzed point. Sample probing involves focusing the 
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beam, as well as checking the smoothness of the sample area. If the sample is too rough, then the 
data response will have low totals (< 90%). This can be said for olivine crystals that were 
serpentinized as well as magnetite crystals. 
An average of 16 points were taken per sample, this included multiple points in a single crystal, 
core to rim. A minimum of one point per zone was conducted for a zoned crystal. A total of 21 
samples were analyzed with 346 probed points. Sample results that were used was determined 
based on the clarity of the crystal and the totals. If the crystal was not clear (sample texture was 
rough when viewed through EPMA backscatter) then a new place was chosen to probe. This 
technique was used to find crystals of olivine and magnetite that were clear enough to give 
decent totals. Data that was used in this study was determined based upon their totals, any totals 
under 90% were considered unusable. Preferred samples had totals between 95 – 102%. Results, 
expressed as the amount of oxide within a measured point were recorded in weight % and 
presented in Table 4.2. 
Whole Rock Major and Trace Element Analysis 
A total of 134 samples were previously powdered using a 99.5% alumina ball mill and 
prepped for analysis by Dr. Zachary Atlas, Dr. Aurelie Germa and an undergraduate student, 
Brenna Kaufman. Sixty-seven samples were analyzed between 2011 and 2012, the data has not 
yet been published. I analyzed about eighty samples with the help of Austin Arias and Nicholas 
Bordieri in 2016. A total of fifty-eight samples were used from the Major Element data and 
ninety were used from the Trace Element Data. 
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Major Element Analysis 
Sample Preparation 
 All major element experimentation was done at the University of South Florida Center 
for Geochemical analyses. W conducted Loss on Ignition (LOI) on ~80 samples – LOI was first 
measured before proceeding with flux fusion and sample dissolution. LOI was measured on 2 +/-
0.0004 grams of sample placed into high-alumina ceramic crucibles, heated at 200⁰C for 15 
minutes to eliminate unbound water, and finally heated again at 1025⁰C for 15 minutes to 
eliminate bound water. Samples were weighted before and after each heating cycle. LOI was 
calculated as the original weight of the sample subtracted by the sample after heating and 
multiplied by 100 (equation 1). The number produced gives the percentage of water loss (LOI) 
which can be found in table 2. 
 𝐿𝑂𝐼 = (
𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑠𝑎𝑚𝑝𝑙𝑒
𝑤𝑒𝑖𝑔ℎ𝑡 𝑠𝑎𝑚𝑝𝑙𝑒 𝑎𝑓𝑡𝑒𝑟 ℎ𝑒𝑎𝑡𝑖𝑛𝑔
) ∗ 100   (1) 
 Cooked samples were then re-powdered with an agate mortar and pestle and bagged until further 
analysis.  
Flux fusion was conducted on 0.1000 +/- 0.0004 grams of cooked sample and 0.5000 +/- 0.0004 
grams of flux (LiBO2) mixed together thoroughly in a graphite crucible. Blank specimens were 
prepared with 0.8000 +/- 0.0004 grams of flux only. Crucibles were placed in a high-temperature 
furnace and heated at 1075⁰C for 15 minutes. Fused sample was then swirled to gather all of the 
liquid and poured into a polypropylene container with 50mL of 2M HNO3 and 10 ppm Ge 
solution, resulting in a 500x dilution, and shaken for one hour on a mechanical shaker arm to 
ensure the sample was completely dissolved. The solution contains 10 ppm Ge for use as an 
internal standard. Then, 2.5 mL of the 500x dilution was pipetted into a 60 mL polypropylene 
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bottle and mixed with 47.5 mL of 2M HNO3 and 10 ppm Ge solution, resulting in a 10,000x 
dilution. In addition to Ge being used as an internal standard, the flux addition of Li acts as a 
peak enhancer for Na and K for easier measurements. Standards (BCR-2, STM-1, JA-2, JP-1, 
JR-1, W-2, JB-3, BIR-1, and BHVO-2) were prepared as the samples with the exception of LOI, 
which was not measured.   
ICP-OES Measurement  
Samples were analyzed using a 2000 DV Inductively Coupled Plasma Perkin Elmer 
Optical Emission Spectrometer (ICP-OES) for major element analysis (see settings in table 4). 
An ICP-OES was chosen due to the range of elements that can be measured in a single analysis, 
and is very precise (+/- 5%) with major element data – meaning that there are not overlaps in 
oxide data peaks. The machine is also automated which allows for increased accuracy and 
precision of measurement. The ICP-OES measures major element data concentration by pulling 
liquid into an aerosol which sprays the sample into an argon plasma. These atoms are excited 
thermally and ionically. The characteristic wavelength intensities are read by a charged coupled 
device (CCD) detector and compared to known standards in order to determine the 
concentrations of specified elements present in the sample. Between each sample the machine 
was washed using a solution of 10% HNO3 and 5% HCl. Measurement of the blank specimen 
should come back without element peaks and is used to determine if there is or is not 
contamination of samples. For example, if the blank comes back with a peak in NaO, then the 
samples will all have been contaminated and will result in NaO measurements having a greater 
wt% than they should, and the experiment will need to be redone. Flush time between sampling 
was 30 seconds, and the wash time was 60 seconds. Standards chosen for comparison were: 
BCR-2, STM-1, JA-2, JP-1, JR-1, W-2, JB-3, BIR-1, and BHVO-2; with STM-1 being used as 
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the drift corrector and JB-3 as the quality check (QC). All standards and the blank were 
measured at the beginning of the ICP-OES run. The blank, QC and drift corrector were measured 
after each series of 11 samples, totaling 5 measurements of all three. Calibration curves were 
made for each major element using all of the standards.  
Data for standards can be found at the Geological and Environmental References website 
(http://georem.mpch-mainz.gwdg.de/). JA-2, JP-1, JR-1, and JB-3 are based off of values from 
Imai et al (1995). BHVO-2, BCR-2, STM-1 and W-2 were based off of values from the USGS. 
BIR-1 was based off of values from Kelly et al (2003).  
Standard deviation for the samples was calculated using the QC (JB-3) in Microsoft 
Excel (Equation STDEV.P) and can be found in table 2 along with %error (equation 2). 
     % 𝑒𝑟𝑟𝑜𝑟 = (
𝑘𝑛𝑜𝑤𝑛− 𝑚𝑒𝑎𝑠𝑢𝑒𝑟𝑒𝑑 𝑎𝑣𝑒𝑟𝑎𝑔𝑒
𝑘𝑛𝑜𝑤𝑛
) ∗ 100            (2)  
   
Trace Element Analysis 
Sample Preparation  
The same 134 samples mentioned above were used for trace element geochemistry at the 
University of South Florida Center for Geochemical Analysis, these were analyzed by Dr. 
Aurelie Germa, Dr. Zachary Atlas, and undergraduate student Brenna Kaufman from 2010 – 
2013. Only 90 samples results are used in this study. Sample prep was modified after Kelley et 
al. (2003) where sample dissolution was conducted using HF-HNO3 acid digestion.  
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ICP-MS Measurement 
Samples were run through the Perkin Elmer Elan DRC II Q-ICP-MS (ICP-MS) for trace 
element analysis. ICP-MS machines are well known for their precision in measuring trace 
element data with little peak overlap. The sample is pulled through a nebulizer and sprayed as an 
aerosol through argon plasma. The plasma causes the sample atoms to become ions which enter 
the mass spectrometer through the center of interface cones (skimmer and sampler). A vacuum 
causes the movement to the low pressure zone of the MS. The ions are then separated by their 
mass-to-charge (m/z) ratio via the quadrupole mass filter. This is done by alternating AC and DC 
voltages at opposite ends of the rods, which are switched rapidly with an RF-field which causes 
an oscillating electric field. Only certain m/z ratio ions are allowed through to the discrete 
dynode detector. If the m/z ratio is too high it cannot refocus quickly enough, if it is too low the 
acceleration is too quick. Once the ions hit the detector an electrical signal is released which can 
be directly correlated to the number of atoms of a specific element by comparing them to known 
standards. These standards include BHVO-2. BIR-1, BCR-2, GSJ, JA-2, JA-1, NBS 688, USGS 
W2, SY-2 and JP-1, which can also be found at the GeoRef website mentioned above, the 
standard deviation and % error can be found in table 3. The unpublished data from the results 
will be used in this research and can be found in the results section.
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Table 4-1 EPMA Standards. Standards were used based on mineral phase. All values in italics were not used for mineral 
calibration. Values are in Wt%. 
 
 
 
 
 
 
 
 
Oxide 
Muscovite-
EMS2 
Augite-
EMS1 
Olivine-
EMS1 
Plag-
AN65 
Alm-
Garnet 
Olivine 
Diopside 
2 
Kaersutite 
2 
Biotite Sanidine Oxide 
Muscovite-
EMS2 
SiO2 47.73 45.95 39.78 54.21 39.19 41.16 54.89 40.09 38.12 64.67 SiO2 47.73 
FeO 2.81 7.68 8.44 0.37 23.27 7.62 1.88 12.24 10.58 0.18 FeO 2.81 
CaO - 23.21 - 11.8 4.2 - 25.66 11.56 0.21 - CaO - 
Na2O - - - 4.35 - - 0.04 2.44 - 3.01 Na2O - 
Al2O3 35.52 7.44 - 28.53 22.05 - - 12.36 15.31 18.76 Al2O3 35.52 
K2O 12.35 - - 0.41 - - - 1.17 10.03 12.11 K2O 12.35 
MgO 0.98 14.27 51.77 0.13 10.7 50.78 17.1 12.55 19.35 - MgO 0.98 
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 Table 4-2 Loss On Ignition (LOI) measurements. 
Sample Type 
Crucible 
wt (g) 
Smpl + 
cruc. Wt 
(g) 
Smpl + 
cruc. wt @ 
200°C (g) 
Smpl + cruc. 
wt @ 1025°C 
(g) 
Smpl wt 
(g) 
Total 
Weight 
Loss (g) 
LOI- 
% 
BL-05 syenite 24.74 26.74 26.73 26.65 2.00 0.10 4.44 
BL-06 shonkinite 22.01 24.01 23.79 23.73 2.00 0.51 14.30 
BL-09 shonkinite 20.41 22.41 22.39 22.29 2.00 0.14 6.09 
BL-10 syeno-diorite 19.53 21.53 21.52 21.46 2.00 0.09 3.87 
BL-11 shonkinite 23.51 25.51 25.48 25.38 2.00 0.17 6.66 
CM-21 syenite 23.60 25.60 25.59 25.51 2.00 0.09 4.11 
CM22 syeno-diorite 27.02 29.02 28.99 28.90 2.00 0.14 5.81 
CM-23 syenite 19.04 21.04 21.03 20.97 2.00 0.08 3.50 
CM-23 VEIN syenite 21.61 23.61 23.59 23.51 2.00 0.11 4.91 
CM-24 shonkinite 19.23 21.23 21.18 21.07 2.00 0.20 7.75 
CM-25 shonkinite 23.60 25.60 25.55 25.46 2.00 0.19 6.92 
CM26 shonkinite 21.58 23.58 23.54 23.44 2.00 0.18 6.85 
CMFP-02 shonkinite 23.51 25.51 25.45 25.34 2.00 0.23 8.40 
CMFP03 shonkinite 18.83 20.83 20.81 20.73 2.00 0.12 4.91 
CMFP04 shonkinite 17.70 19.70 19.68 19.63 2.00 0.09 3.40 
CMFP-05 shonkinite 27.01 29.01 29.00 28.96 2.00 0.06 2.78 
CMFP06 shonkinite 19.23 21.23 21.18 21.09 2.00 0.18 6.74 
CMFP08 shonkinite 21.37 23.37 23.32 23.21 2.00 0.20 7.87 
CMFP09 shonkinite 17.82 19.82 19.18 19.70 2.00 0.76 6.08 
CMFP-10A shonkinite 19.54 21.54 21.50 21.44 2.00 0.13 4.68 
CMFP10B shonkinite 17.96 19.96 19.90 19.82 2.00 0.19 6.68 
CMFP11 shonkinite 19.20 21.20 21.15 21.08 2.00 0.17 6.09 
ENTRADA - FMT Country Rock 22.02 24.02 23.99 23.81 2.00 0.23 10.35 
FP-03 syenite 21.81 23.81 23.78 23.72 2.00 0.12 4.61 
FP-04 shonkinite 20.27 22.27 22.24 22.18 2.00 0.12 4.58 
FP-05A syenite 18.84 20.84 20.83 20.74 2.00 0.12 5.09 
FP-05B syenite 21.98 23.98 23.96 23.88 2.00 0.12 5.20 
FP-06 shonkinite 27.02 29.02 28.98 28.90 2.00 0.16 5.88 
FP-07 shonkinite 20.53 22.53 22.52 22.47 2.00 0.07 3.00 
FP-08 SILL shonkinite 20.27 22.27 22.23 22.16 2.00 0.14 5.20 
FP-09 (BAS) shonkinite 20.57 22.57 22.54 22.47 2.00 0.13 5.00 
FP-10 shonkinite 24.48 26.47 26.45 26.38 2.00 0.12 4.54 
FPCM - dike shonkinite 19.20 21.20 21.16 21.08 2.00 0.16 5.81 
FPCM - dike 2 shonkinite 17.82 19.82 19.77 19.69 2.00 0.19 6.76 
FP-DIKE MIDDLE shonkinite 21.62 23.62 23.56 23.44 2.00 0.24 8.98 
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Table 4-3 ICP-OES major element JB-3 (QC) values for STD. All measured samples have been drift corrected. All values are in 
Wt% 
Standard 
JB-3 
2016 
n=5 
JB-3 
2011 
01/03 
n=4 
JB-3 
2011 
04/13 
n=4 
Average 
Known  
JB-3 
2016 
Standard 
Deviation 
% 
Error 
Na2O 2.527 1.989 2.333 2.283 2.790 0.222 18.17 
MgO 4.425 4.486 5.620 4.844 4.540 0.549 6.69 
Al2O3 17.014 13.149 18.277 16.147 16.975 2.182 4.88 
SiO2 52.039 57.794 53.668 54.500 51.345 2.422 6.15 
P2O5 0.395 0.267 0.315 0.326 0.365 0.053 10.77 
K2O 0.679 0.668 0.741 0.696 0.770 0.032 9.59 
CaO 9.417 9.192 10.349 9.653 9.970 0.501 3.18 
TiO2 1.189 1.461 1.490 1.380 1.260 0.135 9.51 
MnO 0.186 0.158 0.194 0.179 0.480 0.016 62.64 
FeOT 12.054 10.837 12.678 11.856 11.800 0.765 0.48 
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Table 4-4 ICP-MS trace element JB-3 (QC) values for STD. All measured samples have been drift corrected. All values are in 
ppm 
Standard 
JB-3 2011 
2/10 
n=3 
JB-3 2011 
04/15 
n=4 
JB-3 2012 
08/28 
n=3 
JB-3 2013 
08/15 
n=3 
Average 
Known 
JB-3 
Standard 
Deviation 
% 
Error 
Li -2.130 7.264 7.507 6.991 4.908 7.210 4.067 31.93 
Be 0.552 0.771 0.816 0.751 0.722 0.810 0.101 10.83 
Sc 34.234 32.252 36.054 34.065 34.151 33.800 1.346 1.04 
Ti 9022.858 8489.017 8797.275 8958.393 8816.886 8600.000 206.356 2.52 
V 399.021 333.931 408.088 428.827 392.467 372.000 35.480 5.50 
Cr 63.497 60.684 58.433 69.539 63.038 58.100 4.160 8.50 
Co 40.272 34.388 37.997 36.726 37.346 34.300 2.129 8.88 
Ni 55.337 38.340 42.347 36.537 43.140 36.200 7.349 19.17 
Cu 193.558 179.321 190.634 198.093 190.401 194.000 6.927 1.85 
Zn 103.515 80.313 108.563 98.919 97.827 100.000 10.672 2.17 
Ga 18.955 19.195 20.379 19.347 19.469 19.800 0.544 1.67 
As - 0.684 - 1.802 1.243 1.840 0.559 32.44 
Rb 15.347 14.023 15.087 14.903 14.840 15.100 0.498 1.72 
Sr 398.415 403.484 420.141 419.088 410.282 403.000 9.510 1.81 
Y 25.669 26.199 27.860 26.761 26.622 26.900 0.812 1.03 
Zr 98.637 91.341 98.862 92.471 95.328 97.800 3.446 2.53 
Nb 2.277 2.379 2.702 2.144 2.376 2.470 0.206 3.82 
Cs 0.661 0.389 0.889 0.849 0.697 0.940 0.198 25.86 
Ba 248.210 263.446 255.030 236.991 250.919 245.000 9.685 2.42 
La 8.537 8.171 8.405 8.341 8.363 8.810 0.132 5.07 
Ce 21.895 20.417 21.549 21.564 21.356 21.500 0.560 0.67 
Pr 3.274 3.619 3.493 3.297 3.421 3.110 0.142 9.99 
Nd 15.550 14.745 16.317 15.883 15.624 15.600 0.576 0.15 
Sm 4.282 4.069 4.484 4.309 4.286 4.270 0.147 0.37 
Eu 1.328 1.216 1.369 1.292 1.302 1.320 0.056 1.40 
Eu 1.340 1.245 1.362 1.311 1.314 1.320 0.044 0.42 
Gd 4.619 4.175 4.858 4.222 4.468 4.670 0.283 4.32 
Tb 0.734 0.688 0.760 0.713 0.724 0.730 0.026 0.89 
Dy 4.256 4.132 4.502 4.405 4.324 4.540 0.141 4.77 
Ho 0.875 0.887 0.921 0.926 0.902 0.800 0.022 12.80 
Er 2.533 2.512 2.527 2.463 2.509 2.490 0.028 0.75 
Yb 2.385 2.441 2.577 2.486 2.472 2.550 0.070 3.05 
Lu 0.367 0.377 0.412 0.371 0.382 0.390 0.018 2.14 
Hf 2.677 2.533 2.775 2.528 2.628 2.670 0.104 1.56 
Hf 2.669 2.484 2.759 2.478 2.598 2.670 0.121 2.72 
Ta 0.184 0.253 0.185 0.156 0.195 0.150 0.036 29.70 
Pb 5.826 5.164 5.465 4.845 5.325 5.580 0.363 4.57 
Th 1.136 1.283 1.278 1.289 1.247 1.270 0.064 1.84 
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Table 4-5 ICP-OES Information Settings. 
Instrument Settings L/min     
  Gas Flow   
Pump; sample rate 1.5   
Wash  1.5   
Nebulizer 0.65   
Aux 0.2   
        
Element 
Wavelength 
(nm) 
Power 
(watts) 
Plasma 
View 
Si 251.611 1500 Axial 
Ti 334.94 1500 Attn Axial 
Al 396.153 1500 Axial 
Fe 238.204 1500 Attn Axial 
Mn 257.61 1500 Axial 
Mg 285.213 1500 Axial 
Ca 317.933 1500 Axial 
Na 589.592 1500 Axial 
K 766.49 1500 Axial 
Ge 209.426 213.617 1500 Axial 
Al 309.271 209.426 1500 Axial 
Si 288.158 309.271288.158 1500 Axial 
Ca 422.673 422.673 1500 Axial 
Analysis Settings Seconds     
Flush Time 30   
Wash 60   
Delay 60   
Source Equilibration 
Delay 15     
Process       
Points per peak 7   
Spectral Corrections no overlap   
Background Correction 2-PT   
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 Figure 4-1 Example of a mapped Thin section. Each circle has a number underneath which is used for referencing photographs 
and notes. Each circle is drawn around specific minerals, or a single mineral crystal for probing and has been photographed. 
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5. Models and Thermobarometry 
Ryolite-MELTS 
 Rhyolite-MELTS (Gualda et al., 2012; Ghiorso and Gualda, 2015) is a thermodynamic 
model that uses whole rock major element data in order to determine parameters for 
crystallization of a magma by recreating mineral formation over a range of pressures and 
temperatures, and allows for specific additions such as forcing the existence of two liquids and 
fractional crystallization. The rhyolite-MELTs program can also be used to model the amount of 
H2O necessary for the production of syenite and liquid immiscibility. This is controlled using 
program features, including fo2 calculator, enabling or disabling fractional crystallization process 
simulation, selecting one or two liquid components, as well as control variables including 
temperature, depth, or volatiles present.  Taking user input and settings into account, rhyolite-
MELTS identifies mineral phases likely to form, based on observed natural samples.  
For this study modeling was completed using the Linux version of Rhyolite – MELTS. 
We input a starting depth of 1 kbar and ended around 27 bar in order to represent melt injection 
within the sills and dikes, as the study area was estimated to be emplaced at about 4 Km depth 
(Richardson et al., 2015). Samples used are shonkinites: BL-10, CM-26, CMFP-10A, BL-07, FP-
03, FP-09, BL-09, BL-11, BL-06, FP-04, CMFP-02, CMFP-05 and syenite: FP-05B. These 
samples were chosen as they had corresponding whole rock and mineral major element data 
available. Data for the samples can be found in the Results section, tables 6.3, 6.4, and 6.7. Once 
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the whole rock major element data is input the model determines the liquidus temperature based 
on a pre-determined pressure. After the liquidus was determined by the model temperature was 
increased ~50 C in order to make sure the model began with a complete liquid melt. The pressure 
and temperature were decreased by increments that were set so that once the run began it would 
go until the minimum pressure and temperature, essentially recreating melt injection and 
crystallization. Syenite formation requires a minimum of 3 wt% of H2O, as indicated by the 
presence of biotite, amphibole and serpentinite, and since the lithosphere was previously 
hydrated due to the subduction of the Farallon plate (Levander et al., 2011) volatiles are 
necessary in formation of our rocks. Apatite, garnet, leucite, whitlockite, ore phases, corundum, 
quartz phases, and water phases were removed from the system since said phases were not found 
in any of the natural samples and water should be going preferentially towards the formation of 
hornblende and biotite. Fractional crystallization was used in specified runs to help determine if 
it was a factor in immiscibility within the SRVF.  Settings for the model varied based on the run, 
however all runs were conducted with the single liquid function: run 1 was strictly from the 
liquidus to the lowest basalt melting temperature (~650C) at 3wt% H2O.  Run 2 involved the 
same but at 2wt% H2O to see if it was possible to obtain the correct mineral phases and syenite 
formation.  The final run (run 3) began 50 C above the liquidus and ran until ~650 C; this run 
involved the fractionation of solids to see how it would affect the liquid and solid production.  
Total olivine and feldspar major element data was then plotted within ternary diagrams using 
CFU-PINGU and compared to previous diagrams with natural compositions from EPMA data 
acquired from the samples mentioned previously.  Parameters and steps taken for the model can 
be seen in figure 1.  
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Run 2 was not able to be used as syenite whole rock data for the run would result in an 
error, indicating that at least 3 wt% H2O was necessary. In this situation when the model ran 
with >3 wt% - 0 wt% H2O a quadratic error would occur around .2kbar (assumed sill intrusion 
depth) and cease calculations. This indicates that syenites could not form with less than 3 wt% 
H2O. Runs 1 and 3 were able to run until completion. Run 3 was found to match the data best 
and is represented in the discussion chapter.  
 
Geothermobarometers 
The olivine geothermometer and pyroxene geothermobarometer by Putirka (2008) and 
Reiter et al. (1979) were chosen to determine pressure and temperature parameters for crystal 
formation. The geothermobarometer and thermometer are set up as Excel documents where there 
are input areas that the user inserts their own natural whole rock and single crystal mineral data 
for major elements. The program then uses an algorithm with this data in a series of 
mathematical equations in order to determine the temperature and pressure parameters. For the 
pyroxene geothermobarometer pressure and temperature estimates are calculated using the 
barometer by Neave and Putirka (2017) paired with the thermometer by Putirka (2008). The data 
is tested automatically for equilibrium within the excel document. The data is plotted as 
Temperature vs Pressure, and if the estimates are within one standard deviation they are 
considered valid, alternatively the data has also been plotted on a Rhodes Diagram (Putirka, 
2008). 
The Olivine geothermometer provides temperature estimates by using models by Beattie 
(1993) and Putirka et al. (2007). The model uses whole rock major element data and single 
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crystal major element data by assuming the data is in equilibrium. The calculated estimates are 
then plotted on a Rhodes Diagram to estimate validity, the estimates can also be plotted against 
pressure estimates to check standard deviation which, if it is 1 is considered valid. The pyroxene 
geothermobarometer was able to determine both of these parameters, whereas the olivine 
geothermometer was only able to determine the temperature parameter. 
The geothermobarometer and geothermometer are useful to this research as it can be used 
to determine crystallization and melt parameters as well as be used as a comparison to other 
methods of obtaining this data as a proof.  As the rhyolite-MELTS model was used to represent 
melt evolution over ascent and model mineral formation the geothermobarometer and 
geothermometer were useful to compare temperature and pressure relations, as well as set up 
future runs of the model based on acquired pressures.  Data used for the geothermobarometers 
can be found in results table 6.3, 6.5, and 6.7. The samples used in the pyroxene 
geothermobarometer are as follows: BL-10, BL-11, CM-22, CMFP-02, CMFP-05, CMFP-10A, 
FP-3, FP-4 and FP-05B. Samples used for the olivine thermometer are as follows:  BL-10, CM-
22, CM-26, CMFP-05, CMFP-02, CMFP-10, FP-3, FP-4, and FP-9. For H2O content 3 wt% was 
used. Results used were from Putirka (2008) thermometer as recommended by the instructions. 
This equation gave T(C) and P (Kbar) for both hydrous and anhydrous systems, and since at least 
3 wt% H2O is necessary for syenites the hydrous system was used. Results from the olivine 
thermometer were taken from results using Beattie (1993) for T(C), which was based off of 
recommendations in the instructions as Putirka (2008) conducted 1200 experiments which 
determined that Beattie (1993) was the most reliable model. 
58 
Figure 5-1 Rhyolite-MELTS model steps. The flow model depicted here represents the steps and parameters selected at each step within the process of setting up and running the model. 
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6. Results 
Petrology and EPMA 
 Petrography was conducted on a total of 21 thin sections, in addition to studying hand 
samples (figures 6.1-3). More than 60% of the samples can be classified as shonkinite, with the 
remaining 40% being either syenite or syeno-diorite (figure 6.4). Classification into shonkinite, 
syeno-diorite, and syenite petrology are based off of Williams (1983). The petrology between the 
two rock types is quite similar, however the amount of each mineral is different, as syenite tends 
to have a higher quantity of felsic minerals such as feldspars, hornblende and biotite; shonkinite 
have a higher quantity of mafic minerals such as pyroxene and olivine, and syeno-diorite looks 
like a slightly evolved shonkinite. Examples of each rock type in both hand sample and thin 
section are in figures 6.1-3. Some samples have sandstone inclusions from the surrounding host 
rock, this is particularly prevalent in TT and some BL samples, and can be viewed as quartz 
crystals (figure 6.5). EPMA data can be found in tables 6.3-8. Data collected are from olivine, 
pyroxene, plagioclase, biotite, hornblende, quartz, feldspars and serpentine. Images of EPMA 
backscatter and thin sections with EPMA probe points can be seen in figures 6.9-6.26. Data for 
pyroxene, olivine and feldspar groups was modeled in ternary diagrams using CFU-PINGU 
software (Cortes and Palma, 2014) v-hub cyberinfrastructure (https://vhub.org/) and can be seen 
in figures (6.27-29). 
60 
Shonkinite 
 Shonkinites are fine to medium grained and have a porphyritic texture. Vesicles indicate 
gases within the magma due to water involvement. Vesicle shape varies, being rounded to 
elongate depending on the sample, and where it was located: rounded vesicles are found in 
samples that were taken from sills, and elongated vesicles are in samples from conduits and dikes 
indicating vertical movement.  Shonkinites are melanocratic, have a dark grey to almost black 
color indicating a mafic composition, and can be classified as a gabbro (figure 6.1). Samples 
have a hypocrystalline texture in thin section. Shonkinites tend to have a microcrystalline 
groundmass - anywhere from 50-60%. In sample CMFP-0 there is only 40% crystals and the rest 
is groundmass (table 6.1). Mineral crystals found within shonkinite include: olivine (4-10%), 
pyroxene (5-30%), plagioclase (<1-20% - mostly in groundmass), sanidine (<1-2%), hornblende 
(0-<1%), biotite (1-13%), spinel (3-10%), and serpentine (0-20%) (table 6.1).  Olivine and 
pyroxene are the dominant mafic material. Pyroxenes dominate the crystal percentage (table 6.1), 
as most olivines were partially or completely serpentinized. EPMA data for olivine indicates 
forsterite with a composition of Fo80-90 (figure 6.7). This indicates a high magnesium and low 
iron content. Based on phase relations olivine had crystallized first with pyroxene forming after, 
following Bowen’s reaction series.  Pyroxene data indicates that crystals are compositionally 
clinopyroxene and are classified as augite and diopside with one enstatite, crystals compositions 
range from En81Wo0Fs19 – En38Wo49Fs13 (figure 6.8). This range indicates an increase in calcium 
and magnesium during crystal formation. Feldspars include calcium rich plagioclase and 
occasional sanidine, most are found within the groundmass with small pyroxenes.  Groundmass 
is defined as crystals that cannot be measured at 40x under crossed or plain polarized light, or 
crystals under 0.1 mm. According to figure 6.6 feldspar compositions range from An96Ab5 – 
An3Ab32Or65, indicating a high calcium plagioclase. Oxide EPMA data indicates magnetite, with 
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an 85wt% FeO (table 6.7) and a composition of   FeO33TiO2-1Fe2O3-66 – FeO28TiO2-3Fe2O3-69 
(figure 6.8). Quartz is present as xenocrysts within some samples and are inherited from the 
surrounding sandstone, these samples were not removed from EPMA data as the data for these 
samples were alike to other mineral data in the series (figure 6.5 and 6.6).  However, they were 
removed from whole rock data as the quartz would cause the data to be vastly different, and 
more akin to the country rock – as with some TT conduit samples.   
Syeno-Diorite 
 These samples are usually too evolved to be considered shonkinite but are not evolved 
enough to be syenites. Hand samples are mesocratic, usually a light – med grey color and have 
phenocrysts of olivine and biotite (figure 6.2). Olivine exhibits feldspar and biotite rims, and 
show alteration under a macro scope or hand lens. In thin section syeno-diorite is more 
crystallized than shonkinite, but not as much as syenite. Samples have about 30-40% 
microcrystalline matrix and 60-70% crystals and can be considered holocrystalline and 
porphyritic (table 6.1). Mineral crystals found include: pyroxene (5-30%), olivine (3-6%), 
feldspar (30-50% plagioclase and <1-11% sanidine), biotite (3-20%), and hornblende (0-4%) 
(table 6.1). Pyroxenes trend from augite to diopside, and have a compositional range of 
En37Wo43Fs10 – En56Wo34Fs10 (figure 6.8). The feldspar composition from the singular EPMA 
feldspar point is An67Ab32Or2 (figure 6.5). No syeno-diorite oxides were tested, however it can 
be assumed they are compositionally similar to shonkinite. There is the very rare xenocrysts of 
quartz observed as well in these samples, which additionally have been removed from the 
samples used from whole rock data.  
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Syenite 
 Syenites are a medium to coarse grained material. They have a porphyritic texture.  
Syenites are leucocratic due to the amount of feldspars present, and are visually close to felsic 
and andesitic material (figure 6.3). Vesicles are present within syenites, indicating escaping 
volatiles, and are usually more rounded than shonkinite, which is due to emplacement within 
sills, with the exception of syenites sampled from conduits which have elongated vesicles 
indicating vertical movement which has been noticed previously in SRVF samples (Diez et al, 
2009). Samples have predominantly intermediate compositions present as phenocrysts of 
hornblende and biotite, which can get up to 6 cm in length. Phenocrysts of altered olivine are 
also visible, where the altered olivine have a rim of feldspar and magnetite, which can be seen 
with a hand lens or macro scope. Feldspar is the dominant crystal type (3-28% plagioclase and 5-
20% sanidine), followed by hornblende (5-10%) and biotite (20-30%), pyroxene (15-20%), 
olivine (0-5%), spinel (<1-5%) and serpentine (1-10%) (table 6.1). Feldspars include sodic 
plagioclase, and sanidine and range in composition from An75Ab23Or2 – An2Ab11Or87 (figure 
6.6). Pyroxenes are compositionally clinopyroxene, forming as diopside with a composition 
range of En39Wo49Fs12 – En40Wo50Fs10 (figure 6.8). Biotite and hornblende mineral data both 
show higher concentrations of Al2O3, FeO, CaO and K2O (tables 6.6-7). Biotite generally have 
higher concentrations of Na2O and K2O than hornblende (tables 6.6-7). EPMA data on oxides 
indicate an average FeO wt% of 85 (table 6.7), with a compositional range of FeO33TiO2-0Fe2O3-
50 – FeO29TiO2-1Fe2O3-70 (figure 6.8).Samples are usually 100% crystalized, with the lowest 
crystallization being around 95%, and can be considered holocrystalline (table 6.1). 
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Minerals 
 Most olivine is being cannibalized by pyroxene or serpentinating (figure 6.1).  This 
cannibalization would have been due to the addition of quartz from the absorption of country 
rock in the melt. Serpentine formation would have occurred due to H2O addition to the system 
which could have occurred as hydrothermal activity (figure 6.30). Crystals are about 0.5-2 mm, 
is anhedral, and do not often have a euhedral shape. Serpentine is a brownish green and either 
outlines or completely affects the entire crystal. Serpentinized olivine has magnetite beads or 
‘’bleads’’ that have formed around the crystal. Magnetite crystals are isotropic and opaque under 
both CPL and PPL and is usually anhedral.   
 Pyroxene is generally euhedral, with a diamond like shape. Crystals usually have a 
homogenous rim, occasionally broken. Some well-formed pyroxenes were decomposing in their 
centers, such as in sample FP-4 (figure 4.6.C) and were occasionally zoned (figure 4.9.C). 
Crystals have a general extinction angle of about 25 degrees, indicating clinopyroxene which is 
supported by EPMA data, and a length of <.5-3 mm. Minerals that were less than 0.1 mm are 
part of the groundmass and could possibly be newly nucleated crystals that had begun to form as 
the shonkinite cooled.  
 Feldspars are mostly present in the groundmass (<0.1mm) of shonkinite.  Within syenites 
crystals are present as phenocrysts, ranging from <0.5mm – 5mm (table 6.1). The larger crystals 
tend to be plagioclase (figure 6.3). In samples such as FP-9 (figure 4.8.E) plagioclase is present 
as crystal clusters. Plagioclase usually is euhedral and has prismatic shapes. Crystals were also 
found to be forming along the rim of a pyroxene crystal. Potassium feldspar, or sanidine, is 
present in sizes of 1mm - <0.1mm crystals.  Mostly sanidine is present as groundmass in 
shonkinite, occasionally as larger crystals. Within syenite sanidine is present as 1mm crystals. 
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Crystals have a general extinction angle of 35 degrees. Sanidine also formed as crystal clusters 
and generally were anhedral. Occasionally crystals formed radially, and had ondulating 
extinction. 
 Hornblende and biotite appear to be some of the last crystals to form, they also appear 
subophytic and are usually seen forming through pyroxene crystals and even olivine creating 
sharp angles. Not all samples of shonkinite have biotite or hornblende crystallization. Biotite 
crystals range from 0.5 mm to 6mm. In in shonkinite most are around 0.5mm; in syenite they get 
as large as 6mm. Crystal edges have a tendency to appear rough, but are mostly euhedral. 
Hornblende crystals are <0.5mm – 1mm. They are present as groundmass in shonkinite and as 
1mm crystals in syenite. Examples can be seen in figure 6.3.  
 Magnetite is represented by oblong shaped crystals (figure 6.1).  The crystals usually 
appear around serpentinized olivine and pyroxene and little elsewhere, appearing almost as 
‘bleeds’. They are never larger than 0.3mm.  
 Serpentine and altered pyroxene as chlorite is the result of water being present within the 
system interacting with olivine and pyroxene (figure 6.1). This could be due to hydrothermal 
activity in the area, however in most samples olivine is usually completely or partially 
serpentinized. Pyroxenes have shown to be less altered, but some crystals do exhibit alteration 
into chlorite. Magnetite bleeds have been found around them, which is another indicator of phase 
change. Serpentine appears 1st order greenish brown in both CPL and PPL, with a low to medium 
relief. Chlorite alteration appears as 1st order browns. The crystals themselves appear earthy in 
comparison to other minerals present.  
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Trace and Major Element Geochemistry 
 Major and trace element data information can be found on tables 6.31 and 6.32. Major 
element data shows relatively low SiO2 which indicates mafic origins for all samples, with the 
exception of some samples from TT conduit which are sandstone which have been removed from 
the data set. Elevated amounts of K2O indicate alkaline magmas which can be observed in the 
AFM diagram (figure 6.31).  Compositions plotted in a TAS diagram (Cox et al, 1979) confirms 
the classification of rocks as gabbro, syeno-diorite and syenite (figure 6.32). The shonkinites 
have a greater enrichment in TiO2, FeO, and P2O5 than the syenites, and syenites have a greater 
enrichment in K2O and Al2O3 than shonkinites. The enrichment in FeO, and TiO2 in shonkinites 
correlates with their petrology which involves a greater amount of mafic material than syenites 
have. 
MELTS  
 Results from Rhyolite-MELTS indicates fractional crystallization is a significant part of 
differentiation within the sills of the SRVF, this was constrained from the three runs. The third 
run allowed for fractional crystallization, the data resulting from this run best resembled natural 
EPMA data. This was determined by plotting the mineral data against the natural EPMA data 
(figure 6.33). The result was a closely resembled trend. Depth for mineral crystallization of 
biotite and feldspar also occurred at shallower depths – closer to 800 bar which is the estimated 
depth of sill formations at the SRVF. 
Geotheromobarometry 
 Results from Putirka (2008) geothermometer for olivine determined that Olivine should 
have started crystallizing between 1250.90 and 1438.1 ˚C (table 6.12). Results from (Putirka, 
2008) geothermobarometer for clinopyroxene indicated that pyroxene should have begun to 
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crystallize between 1170 and 1110 ˚C (table 6.12) and at pressures ranging from 10-6 Kbar (table 
6.12), with the concentration pressure being between 9 and 7.5 Kbar. Combined this gives a 
depth of 33-28 Km of concentrated crystal formation. When compared to the olivine data sets it 
can be assumed that olivine may have begun to crystalize around the same depth, or slightly 
lower at about 40 Km. 
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Table 6-1 Crystal percentages in Shonkinite, Syenite and Syeno-Diorite. 
Crystal 
% 
shonkinite 
Grain size 
(mm) 
% 
syenite 
Grain 
size 
(mm) 
%Syeno-
diorite 
Grain Size 
(mm) 
Olivine 4 to 10 .5 - 2 0 to 5 .5 - 3 3 to 6 >1 - 2 
Pyroxene 5 to 30 >.5 - 2 15 to 20 >1 - 3 5 to 30 >.5 - 2 
Hornblende 0 to <1 >1 5 to 10 1 - 2 0 to 4 >1 
Biotite 1 to 13 .5 - 4 20 to 30  .5 - 6 3 to 20 >1 - 2 
Magnetite 3 to 10 0.5 <1 to 5 .5 - 1 7 to 10 0.5 
Serpentine 0 to 20 .5 - 2 1 to 10 .5 - 3 6 to 26 >1 - 2 
plagioclase <1 to 20  >.1 - 2 3 to 28 .5 - 7 30 to 50 >.5 - 1 
sanadine <1 to 2 >1 - 1 5 to 20 .5 - 2 <1 to 11 1 
Matrix 50 -60 >.5 0-10 >.5 30-40 >.5 
  %crystals %groundmass         
Shonkinite 40-50 50-60     
Syenite 80-100 0-10     
syeno-diorite 60-70 30-40     
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Table 6-2 EPMA data for feldspar. All values are in wt%. All data were collected by Danielle Koebli 
Feldspar SiO2   Al2O3  FeO MnO MgO    CaO    Na2O     K2O    
BL-5 – 1 68.61 21.13 0.14 NaN 0.02 0.38 1.18 14.22 
BL-5 – 2 55.06 32.30 0.50 NaN 0.04 14.36 2.91 0.36 
BL-5 - 5  54.59 33.03 0.52 NaN 0.10 15.54 2.73 0.38 
BL-5 - 7 51.73 31.92 0.69 NaN 0.07 15.28 2.63 0.41 
BL-10 – 4 56.51 31.33 0.57 NaN 0.10 13.21 0.50 0.02 
BL-10 – 7 71.55 19.20 0.35 NaN 0.03 0.52 0.52 0.01 
BL-10 – 8 71.42 19.59 0.31 NaN 0.02 0.74 0.80 0.01 
BL-10 – 15 69.68 19.24 0.48 NaN 0.00 1.04 1.01 0.01 
BL-10 – 10 55.48 32.36 0.54 NaN 0.10 13.69 3.25 0.51 
BL-10 – 18 70.97 19.47 0.36 NaN 0.00 0.60 0.30 0.03 
BL-11 – 1 63.65 24.31 0.53 NaN 0.00 4.82 4.16 5.57 
CMFP-05 –1 52.19 29.97 0.76 NaN 0.03 12.96 3.31 0.29 
FP-03 – 18 60.92 19.74 0.41 NaN 0.52 0.95 4.56 10.56 
FP-03 – 21 63.44 19.74 0.24 NaN 0.02 0.69 5.85 9.36 
FP-03 – 24 63.18 19.81 0.18 NaN 0.00 0.71 5.99 9.49 
FP-03 – 26 45.66 32.41 0.76 NaN 0.12 15.96 2.65 0.27 
FP-05B – 1 64.22 19.38 0.36 NaN 0.01 0.60 3.63 10.45 
FP-05B-15 65.29 15.29 0.27 NaN 0.00 0.15 3.97 11.43 
FP-09 – 4 66.21 19.23 0.24 NaN 0.00 0.45 3.76 11.55 
L-BL-1 54.70 27.59 0.61 0.01 0.09 12.84 2.46 0.39 
L-BL-1 50.66 26.31 0.55 0.00 0.06 13.17 3.42 0.51 
L-BL-2 52.30 0.61 27.14 0.03 0.09 13.14 3.74 0.50 
L-BL-4 55.38 0.50 23.90 0.00 0.04 9.47 5.86 0.91 
L-BL-4 52.59 0.34 25.25 0.01 0.09 10.84 5.15 0.77 
L-BL-5 66.27 0.23 16.79 0.04 0.00 0.21 3.69 12.25 
L-BL-5 66.97 0.24 17.32 0.02 0.00 0.48 4.14 11.35 
L-BL-7 65.72 16.77 0.20 0.00 0.00 0.55 4.04 12.01 
L-BL-7 65.97 16.61 0.21 0.04 0.01 0.33 3.22 13.05 
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Table 6-3 EPMA data for Olivine. All values are in wt%. All data were collected by Danielle Koebli 
Olivine   SiO2      Al2O3  FeO MnO    MgO       CaO       Na2O      K2O    
FP-3 - 1 39.09 0.02 15.18 NaN 47.17 0.23 0.03 0.00 
FP-3 - 2 39.13 0.05 12.98 NaN 48.19 0.16 0.01 0.01 
FP-3 - 3 37.02 0.82 11.99 NaN 46.21 0.15 0.03 0.03 
FP-3 - 4 38.45 0.02 13.74 NaN 47.90 0.12 0.00 0.00 
FP-3 - 5 38.13 0.27 13.48 NaN 47.97 0.17 0.00 0.01 
FP-3 - 8 38.84 0.00 12.74 NaN 49.01 0.16 0.00 0.01 
FP-3 - 9 38.73 0.00 15.09 NaN 47.96 0.15 0.03 0.00 
FP-3 - 10 39.33 0.05 12.12 NaN 48.04 0.14 0.01 0.00 
FP-3 -12 38.80 0.03 12.39 NaN 47.66 0.18 0.03 0.01 
FP-3 - 14 38.73 0.14 13.77 NaN 47.35 0.19 0.02 0.01 
FP-3 - 15 39.00 0.04 15.53 NaN 46.72 0.18 0.00 0.01 
FP-3 - 16 39.21 0.02 11.79 NaN 49.66 0.14 0.00 0.00 
FP-3 - 19 36.87 0.55 12.64 NaN 45.26 0.18 0.07 0.05 
FP-3- 23 38.59 0.16 11.70 NaN 48.17 0.14 0.03 0.03 
FP-3 - 27 39.41 0.02 11.39 NaN 48.56 0.16 0.03 0.00 
FP-3 - 28 37.56 0.20 14.91 NaN 43.55 0.18 0.05 0.03 
CMFP-05 - 4 39.88 0.82 15.44 NaN 44.08 0.21 0.05 0.00 
CMFP-05 - 5 42.43 0.74 11.41 NaN 48.17 0.17 0.09 0.00 
CMFP-05 - 6 42.33 0.07 13.41 NaN 47.35 0.14 0.03 0.00 
CMFP-05 - 7 42.23 0.03 11.96 NaN 47.14 0.16 0.01 0.00 
CMFP-05 - 8 41.91 0.09 11.21 NaN 47.07 0.25 0.05 0.00 
CMFP-05 -9 42.36 0.03 11.99 NaN 47.57 0.15 0.00 0.00 
CMFP-05 -11 40.76 1.08 10.39 NaN 46.18 0.16 0.01 0.00 
CMFP-05 -15 42.46 0.01 11.94 NaN 48.60 0.19 0.02 0.00 
CMFP-05-16 41.74 0.00 13.84 NaN 48.72 0.17 0.02 0.00 
CMFP-05-17 40.55 0.18 11.70 NaN 45.42 0.17 0.05 0.00 
CMFP-05-18 40.35 0.87 12.31 NaN 45.12 0.21 0.05 0.00 
CMFP-05-19 40.08 1.71 12.34 NaN 45.10 0.18 0.08 0.00 
CMFP-05-20 41.60 0.22 11.81 NaN 46.74 0.17 0.02 0.00 
CMFP-05-23 40.58 0.03 13.65 NaN 44.73 0.10 0.00 0.00 
CMFP-05-24 41.41 0.12 11.42 NaN 45.40 0.10 0.00 0.00 
CMFP-05-26 41.21 0.06 12.89 NaN 44.88 0.16 0.00 0.00 
CMFP-05-27 39.82 0.06 11.03 NaN 44.29 0.15 0.00 0.00 
CMFP-05-29 40.85 2.03 15.21 NaN 43.38 0.31 0.03 0.00 
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Table 6.3 continued 
Olivine    SiO2      Al2O3  FeO MnO    MgO       CaO       Na2O      K2O    
FP-3 - 1 39.09 0.02 15.18 NaN 47.17 0.23 0.03 0.00 
FP-3 - 2 39.13 0.05 12.98 NaN 48.19 0.16 0.01 0.01 
FP-3 - 3 37.02 0.82 11.99 NaN 46.21 0.15 0.03 0.03 
FP-3 - 4 38.45 0.02 13.74 NaN 47.90 0.12 0.00 0.00 
FP-3 - 5 38.13 0.27 13.48 NaN 47.97 0.17 0.00 0.01 
FP-3 - 8 38.84 0.00 12.74 NaN 49.01 0.16 0.00 0.01 
FP-3 - 9 38.73 0.00 15.09 NaN 47.96 0.15 0.03 0.00 
FP-3 - 10 39.33 0.05 12.12 NaN 48.04 0.14 0.01 0.00 
FP-3 -12 38.80 0.03 12.39 NaN 47.66 0.18 0.03 0.01 
FP-3 - 14 38.73 0.14 13.77 NaN 47.35 0.19 0.02 0.01 
FP-3 - 15 39.00 0.04 15.53 NaN 46.72 0.18 0.00 0.01 
FP-3 - 16 39.21 0.02 11.79 NaN 49.66 0.14 0.00 0.00 
FP-3 - 19 36.87 0.55 12.64 NaN 45.26 0.18 0.07 0.05 
FP-3- 23 38.59 0.16 11.70 NaN 48.17 0.14 0.03 0.03 
FP-3 - 27 39.41 0.02 11.39 NaN 48.56 0.16 0.03 0.00 
FP-3 - 28 37.56 0.20 14.91 NaN 43.55 0.18 0.05 0.03 
CMFP-05 - 4 39.88 0.82 15.44 NaN 44.08 0.21 0.05 0.00 
CMFP-05 - 5 42.43 0.74 11.41 NaN 48.17 0.17 0.09 0.00 
CMFP-05 - 6 42.33 0.07 13.41 NaN 47.35 0.14 0.03 0.00 
CMFP-05 - 7 42.23 0.03 11.96 NaN 47.14 0.16 0.01 0.00 
CMFP-05 - 8 41.91 0.09 11.21 NaN 47.07 0.25 0.05 0.00 
CMFP-05 -9 42.36 0.03 11.99 NaN 47.57 0.15 0.00 0.00 
CMFP-05 -11 40.76 1.08 10.39 NaN 46.18 0.16 0.01 0.00 
CMFP-05 -15 42.46 0.01 11.94 NaN 48.60 0.19 0.02 0.00 
CMFP-05-16 41.74 0.00 13.84 NaN 48.72 0.17 0.02 0.00 
CMFP-05-17 40.55 0.18 11.70 NaN 45.42 0.17 0.05 0.00 
CMFP-05-18 40.35 0.87 12.31 NaN 45.12 0.21 0.05 0.00 
CMFP-05-19 40.08 1.71 12.34 NaN 45.10 0.18 0.08 0.00 
CMFP-05-20 41.60 0.22 11.81 NaN 46.74 0.17 0.02 0.00 
CMFP-05-23 40.58 0.03 13.65 NaN 44.73 0.10 0.00 0.00 
CMFP-05-24 41.41 0.12 11.42 NaN 45.40 0.10 0.00 0.00 
CMFP-05-26 41.21 0.06 12.89 NaN 44.88 0.16 0.00 0.00 
CMFP-05-27 39.82 0.06 11.03 NaN 44.29 0.15 0.00 0.00 
CMFP-05-29 40.85 2.03 15.21 NaN 43.38 0.31 0.03 0.00 
CMFP-10A-3 39.66 1.99 12.95 NaN 44.27 0.18 0.00 0.00 
CMFP-10A-5 39.69 1.25 13.71 NaN 46.62 0.16 0.01 0.00 
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Table 6.3 continued 
Olivine  SiO2     Al2O3  FeO MnO    MgO       CaO       Na2O      K2O    
CMFP-10A-6 41.42 0.00 15.69 NaN 45.75 0.18 0.02 0.00 
CMFP-10A-7 42.46 0.06 11.61 NaN 47.43 0.10 0.02 0.00 
CMFP-10A-9 42.55 0.05 12.84 NaN 47.07 0.13 0.00 0.00 
CMFP-10A-11 38.43 0.83 13.39 NaN 42.08 0.17 0.04 0.00 
CMFP-10A-12 40.97 0.27 12.76 NaN 45.50 0.11 0.01 0.00 
CMFP-10A-14 43.62 0.68 15.23 NaN 46.93 0.22 0.03 0.00 
CMFP-10A-15 40.57 0.28 16.80 NaN 43.59 0.20 0.05 0.00 
CMFP-10A-16 39.03 0.41 12.06 NaN 43.32 0.12 0.04 0.00 
CMFP-0-2 42.15 0.02 12.33 NaN 47.93 0.12 0.02 0.01 
CMFP-0-3 39.34 0.66 12.06 NaN 44.12 0.13 0.01 0.03 
CMFP-0-4 43.37 0.24 14.04 NaN 48.49 0.16 0.03 0.21 
CMFP-0-8 41.14 0.31 13.70 NaN 46.51 0.12 0.00 0.00 
CMFP-0-9 38.49 0.59 12.67 NaN 44.29 0.11 0.02 0.00 
CMFP-0-10 39.47 0.15 13.67 NaN 44.11 0.18 0.00 0.00 
CMFP-0-12 41.83 0.57 13.61 NaN 47.92 0.14 0.01 0.00 
CMFP-0-14 42.13 0.04 13.20 NaN 46.65 0.14 0.01 0.01 
CM-22-7 42.63 0.05 15.51 NaN 47.37 0.15 0.01 0.02 
CM-22-8 41.14 0.10 14.65 NaN 45.32 0.18 0.00 0.00 
CM-22-10 42.40 0.02 14.43 NaN 46.44 0.11 0.00 0.01 
CM-22-13 39.31 0.48 11.72 NaN 44.93 0.13 0.00 0.00 
CM-22-16 39.70 0.72 12.18 NaN 42.47 0.15 0.01 0.00 
CM-22-18 40.41 0.34 13.37 NaN 43.29 0.13 0.02 0.00 
FP-9-5 38.44 0.13 13.53 NaN 44.80 0.06 0.01 0.03 
FP-9-10 39.37 0.01 14.72 NaN 45.03 0.11 0.01 0.00 
FP-9-11 39.81 0.01 13.81 NaN 45.73 0.07 0.02 0.00 
FP-9-11 41.21 0.09 14.96 NaN 48.96 0.04 0.01 0.00 
FP-9-12 36.20 0.20 14.69 NaN 41.03 0.06 0.04 0.04 
FP-4-2 43.56 0.30 14.24 NaN 45.85 0.46 0.03 0.00 
FP-4-3 41.38 0.10 14.88 NaN 45.55 0.15 0.02 0.00 
FP-4-4 40.99 0.00 14.04 NaN 45.21 0.13 0.00 0.00 
FP-4-11 41.68 0.01 12.69 NaN 45.67 0.12 0.01 0.00 
FP-4-12 42.89 0.10 14.08 NaN 46.13 0.21 0.05 0.00 
BL-10-1 40.18 3.38 11.12 NaN 46.65 0.27 0.24 0.16 
BL-1--21 40.73 1.50 14.09 NaN 49.84 0.16 0.06 0.06 
CM-26-6 60.30 2.34 7.32 NaN 25.41 0.57 0.12 0.23 
L-BL-6 30.08 2.08 42.42 0.63 24.44 0.60 0.05 0.01 
L-BL-7 41.42 0.07 12.91 0.13 49.48 0.14 0.00 0.02 
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Table 6.3 continued 
Olivine  SiO2    Al2O3  FeO MnO    MgO       CaO       Na2O      K2O    
L-BL-7 43.65 0.21 12.75 0.13 52.40 0.16 0.02 0.02 
L-BL-7 41.27 0.12 13.43 0.10 49.06 0.22 0.03 0.00 
L-BL-7 43.01 0.12 11.46 0.14 51.42 0.15 0.00 0.00 
L-BL-7 39.81 0.07 14.16 0.23 47.49 0.14 0.00 0.00 
L-BL-7 40.68 0.08 13.10 0.23 47.88 0.15 0.00 0.02 
L-BL-7 41.54 0.07 12.26 0.20 48.90 0.16 0.01 0.02 
L-BL-7 41.12 0.11 12.80 0.28 48.95 0.19 0.01 0.02 
L-BL-7 40.41 0.08 12.38 0.22 49.22 0.17 0.03 0.00 
L-BL-7 41.81 0.19 13.11 0.19 49.26 0.18 0.02 0.01 
L-BL-7 40.94 0.03 11.87 0.20 47.79 0.16 0.02 0.00 
L-BL-7 41.42 0.10 14.34 0.23 48.16 0.21 0.05 0.00 
L-BL-7 40.91 0.15 11.42 0.16 47.76 0.17 0.02 0.04 
L-BL-7 41.44 0.06 12.78 0.24 49.43 0.13 0.02 0.00 
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Table 6-4 EPMA data for Pyroxene. All values are in wt%. All data were collected by Danielle Koebli 
Pyroxene SiO2     Al2O3  FeO MnO    MgO       CaO       Na2O      K2O    
FP-4-1 49.17 6.91 7.93 NaN 12.76 22.77 0.44 0.00 
FP-4-6 49.14 3.39 6.48 NaN 13.26 22.10 0.53 0.00 
FP-4-7 50.86 3.87 5.45 NaN 14.92 21.14 0.33 0.00 
FP-4-8 49.42 5.47 6.57 NaN 13.34 21.95 0.41 0.00 
FP-4-9 51.18 2.53 5.79 NaN 13.77 22.29 0.28 0.00 
FP-4-10 51.23 2.86 5.53 NaN 13.83 22.32 0.31 0.00 
FP-4-13 49.47 4.01 5.12 NaN 13.81 22.08 0.37 0.00 
FP-4-15 52.70 2.79 5.81 NaN 14.88 20.32 0.61 0.00 
FP-4-16 48.22 5.03 6.61 NaN 12.64 22.40 0.35 0.00 
CMFP-0-5 50.31 4.55 11.89 NaN 11.57 21.56 0.57 0.02 
CMFP-0-6 52.21 6.77 7.18 NaN 18.74 16.14 0.45 0.39 
CMFP-0-7 44.94 8.65 8.37 NaN 10.77 22.70 0.34 0.00 
CMFP-0-15 53.27 2.21 8.17 NaN 14.66 22.18 0.32 0.02 
CMFP-0-16 50.88 6.02 9.92 NaN 11.37 21.41 0.91 0.00 
FP-3-6 48.69 5.10 6.24 NaN 16.25 21.14 0.69 0.02 
FP-3-22 46.70 5.26 6.72 NaN 14.55 23.92 0.35 0.02 
CMFP-05-2 52.39 4.02 4.45 NaN 15.60 22.42 0.45 0.00 
CMFP-05-3 46.56 9.35 8.60 NaN 11.69 22.08 0.37 0.00 
CMFP-05-25 52.90 2.36 5.43 NaN 15.30 23.04 0.26 0.00 
CMFP-10A-1 54.40 2.71 4.13 NaN 16.89 21.25 0.39 0.00 
CMFP-10A-4 48.07 7.32 9.33 NaN 12.47 22.39 0.34 0.01 
CM-22-2 53.59 2.23 5.77 NaN 15.82 0.36 1.10 0.00 
CM-22-3 50.92 5.38 6.18 NaN 14.07 13.66 2.70 0.01 
CM22-4 51.40 4.72 5.42 NaN 14.92 14.78 2.53 0.02 
CM22-6 48.45 7.05 7.84 NaN 12.61 14.54 2.44 0.01 
BL-11-6 53.49 4.44 6.10 NaN 16.75 24.42 0.33 0.00 
BL-11-7 53.04 4.43 7.70 NaN 15.74 24.05 0.33 0.01 
BL-5-8 49.91 7.71 9.35 NaN 13.32 23.99 0.50 0.02 
BL-5-9 52.37 6.92 9.61 NaN 14.38 23.90 0.52 0.01 
BL-5-19 48.34 3.39 11.80 NaN 11.53 22.27 0.80 0.01 
BL-5-22 47.15 3.28 12.31 NaN 9.95 22.07 1.01 0.01 
BL-5-23 45.76 8.55 7.59 NaN 12.90 21.66 0.30 0.03 
FP-05B-5 46.57 7.74 9.30 NaN 11.64 22.49 0.49 0.00 
FP-05B-9 47.97 6.55 8.82 NaN 11.90 22.66 0.45 0.01 
FP-05B-11 47.08 7.60 8.65 NaN 11.72 22.26 0.44 0.05 
BL-10-12 50.53 9.48 8.11 NaN 14.12 24.28 0.35 0.04 
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Table 6.4 continued 
Pyroxene  SiO2    Al2O3  FeO MnO    MgO       CaO       Na2O      K2O    
L-BL-1 38.17 11.60 11.53 0.18 12.83 12.49 2.27 1.74 
L-BL-1 42.69 7.45 9.33 0.17 10.73 22.41 0.60 0.03 
L-BL-1 47.56 7.73 8.81 0.14 13.09 22.29 0.44 0.04 
L-BL-1 47.88 4.28 7.25 0.19 13.67 22.64 0.44 0.07 
L-BL-1 50.04 4.73 6.88 0.23 14.23 22.54 0.39 0.01 
L-BL-1 48.18 4.73 7.63 0.17 13.69 22.81 0.50 0.08 
L-BL-1 46.81 7.34 8.64 0.09 12.39 22.24 0.44 0.04 
L-BL-1 45.75 7.20 8.05 0.18 12.10 22.20 0.48 0.04 
L-BL-2 42.02 9.14 8.40 0.17 10.92 22.82 0.44 0.01 
L-BL-2 49.25 7.57 4.15 0.18 13.74 22.87 0.35 0.01 
L-BL-2 44.14 8.58 8.21 0.16 11.69 23.41 0.53 0.01 
L-BL-4 45.67 9.56 8.36 0.05 11.95 22.81 0.48 0.00 
L-BL-4 46.13 9.14 7.94 0.15 12.18 23.00 0.45 0.03 
L-BL-4 46.74 8.19 6.56 0.11 12.91 22.67 0.48 0.00 
L-BL-4 40.15 10.03 12.10 0.16 13.82 12.50 2.16 1.81 
L-BL-4 39.75 10.79 12.54 0.05 13.46 12.40 2.10 1.89 
L-BL-4 42.38 9.02 9.91 0.09 10.73 22.79 0.47 0.01 
L-BL-4 47.77 7.85 5.61 0.22 12.96 22.88 0.38 0.00 
L-BL-4 41.61 9.04 8.53 0.12 10.39 21.22 0.45 0.02 
L-BL-4 47.34 7.15 5.13 0.14 12.90 22.15 0.42 0.00 
L-BL-4 48.13 7.34 4.70 0.18 12.68 22.26 0.46 0.01 
L-BL-4 46.75 8.39 6.46 0.17 12.76 22.77 0.43 0.01 
L-BL-4 44.46 9.00 8.53 0.11 11.92 22.84 0.42 0.00 
L-BL-5 43.76 8.98 8.90 0.25 11.21 22.11 0.43 0.06 
L-BL-5 51.84 7.08 4.59 0.20 15.02 22.63 0.41 0.00 
L-BL-5 48.47 9.40 11.36 0.07 13.21 22.32 0.28 0.05 
L-BL-5 45.48 7.91 7.42 0.22 11.94 22.39 0.45 0.00 
L-BL-5 45.34 8.04 6.45 0.17 12.42 22.21 0.50 0.02 
L-BL-5 44.60 7.37 6.54 0.21 12.66 22.42 0.53 0.05 
L-BL-5 46.11 8.55 7.28 0.22 12.27 23.14 0.47 0.05 
L-BL-5 45.44 8.58 8.26 0.13 12.52 21.88 0.40 0.02 
L-BL-5 49.02 7.43 4.27 0.10 13.89 21.38 0.39 0.01 
L-BL-6 49.83 4.87 7.35 0.16 14.59 21.74 0.32 0.02 
L-BL-7 46.25 7.01 9.94 0.27 11.63 21.77 0.62 0.00 
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Table 6-5 EPMA data for Biotite. All values are in wt%. All data were collected by Danielle Koebli 
Biotite SiO2     Al2O3  FeO MnO    MgO       CaO       Na2O      K2O    
BL-5-6 41.77 11.38 13.21 NaN 1.83 14.96 1.89 14.92 
BL-10-5 37.70 12.89 0.13 NaN 0.68 17.38 8.23 16.39 
BL-10-11 38.96 12.14 0.12 NaN 0.55 17.22 8.19 17.94 
BL-10-13 38.84 15.74 0.03 NaN 0.58 16.42 9.22 15.76 
BL-10-14 36.93 13.44 0.06 NaN 0.70 15.99 8.47 16.74 
BL-10-16 37.55 16.80 0.02 NaN 0.67 17.04 8.09 15.16 
BL-10-17 37.68 11.05 0.17 NaN 0.76 18.04 7.99 17.27 
BL-11-2 43.51 6.95 0.09 NaN 0.51 16.64 10.34 23.07 
BL-11-8 41.82 4.28 0.04 NaN 0.38 15.10 10.35 22.51 
BL-11-9 40.99 14.81 0.05 NaN 0.39 15.38 9.75 16.39 
BL-11-11 42.03 5.31 0.16 NaN 0.42 15.80 10.22 22.59 
CM-22-11 38.98 13.58 0.12 NaN 0.73 16.18 8.73 16.18 
CM-26-3 40.46 5.64 0.13 NaN 0.54 16.37 10.25 21.12 
CM26-4 40.93 5.70 0.22 NaN 0.50 16.13 8.83 22.36 
CM-26-5 38.77 11.64 0.09 NaN 0.49 15.49 10.18 16.63 
CMFP-10A-8 39.63 12.88 0.08 NaN 0.30 14.96 9.77 17.41 
CMFP-10A-10 37.96 10.74 0.09 NaN 0.60 14.54 9.52 17.60 
L-BL-1 38.99 12.17 11.52 0.16 13.54 12.36 1.93 1.73 
L-BL-1 40.48 12.25 11.39 0.10 14.13 12.49 2.20 1.79 
L-BL-4 39.35 11.23 12.39 0.11 13.69 12.36 2.34 1.87 
L-BL-4 40.01 11.25 12.57 0.11 13.81 12.49 2.14 1.45 
L-BL-4 38.15 11.17 12.07 0.22 12.59 11.87 2.38 1.81 
L-BL-4 39.84 11.24 11.88 0.23 13.25 12.28 2.25 1.90 
L-BL-5 43.33 9.21 8.29 0.12 11.00 22.73 0.55 0.02 
L-BL-5 48.98 7.69 4.70 0.16 14.05 22.35 0.40 0.00 
L-BL-6 37.43 15.10 12.23 0.12 17.36 0.09 0.69 9.09 
L-BL-7 35.57 13.78 17.08 0.38 13.51 0.07 0.50 9.15 
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Table 6-6EPMA data for Hornblende. All values are in wt%. All data were collected by Danielle Koebli. 
Hornblende    SiO2     Al2O3  FeO    MgO       CaO       Na2O      K2O    
BL-5-3 42.98 11.378 13.142 1.824 14.747 1.545 14.425 
BL-5-4 42.634 10.737 13.461 1.78 15.395 1.778 14.507 
CMFP-0-1 54.408 1.083 3.822 3.675 22.457 5.07 2.709 
CMFP-0-13 50.809 7.156 22.719 0.365 5.168 0 14.45 
FP-05B-2 40.589 11.963 11.873 1.871 13.175 1.911 12.566 
FP-05B-7 40.725 11.945 12.206 1.926 13.526 1.814 13.012 
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Table 6-7 EPMA data for Magnetite. All values are in wt%. All data were collected by Danielle Koebli. 
Magnetite SiO2 TiO2 Al2O3 FeO MnO MgO NiO CaO Na2O K2O 
L-BL-1 0.14 0 2.90 85.51 1.15 1.70 0 0.02 0.10 0.06 
L-BL-1 0.09 0 2.00 85.66 1.36 1.49 0 0.01 0.00 0.00 
L-BL-1 0.54 0 3.94 84.18 1.13 2.17 0 0.07 0.06 0.02 
L-BL-1 0.075 10.034 3.55 83.225 1.33 2.364 0 0.001 0.035 0.027 
L-BL-1 0.117 9.736 2.589 84.446 1.44 2.057 0 0.015 0.043 0.011 
L-BL-1 0.274 12.465 0.795 78.898 1.619 1.297 0.011 0.112 0.069 0.01 
L-BL-1 0.071 10.321 1.749 83.769 1.122 1.536 0.004 0 0.021 0 
L-BL-1 0.088 9.578 3.856 81.703 1.237 2.384 0.006 0.014 0 0.003 
L-BL-1 0.241 10.031 3.406 79.495 1.372 2.087 0.046 0.05 0.011 0.037 
L-BL-1 0.295 8.922 5.073 80.712 1.296 3.345 0 0.054 0.046 0.012 
L-BL-1 1.225 8.768 5.888 75.585 1.013 3.35 0.002 0.886 0.103 0.105 
L-BL-2 0.10 0 85.52 2.99 1.45 2.28 0 0.06 0.00 0.01 
L-BL-2 0.28 0 87.20 1.98 1.63 1.18 0 0.04 0.07 0.01 
L-BL-2 0.27 0 85.99 4.00 1.29 2.39 0 0.03 0.04 0.02 
L-BL-2 0.42 0 86.34 4.34 1.32 2.82 0 0.11 0.05 0.00 
L-BL-2 0.20 0 86.14 3.10 1.31 2.59 0 0.04 0.02 0.02 
L-BL-2 0.16 0 85.48 3.49 1.36 1.98 0 0.00 0.00 0.00 
L-BL-2 0.319 10.364 3.257 83.838 1.552 2.292 0.048 0.001 0.016 0.012 
L-BL-2 0.086 9.907 3.895 82.776 1.332 2.358 0.024 0.03 0.022 0.005 
L-BL-2 0.163 10.007 3.981 80.947 1.264 2.735 0.01 0.041 0.024 0.002 
L-BL-2 0.083 9.702 3.509 83.953 1.582 1.953 0.038 0.004 0 0.006 
L-BL-2 0.061 10.199 4.49 78.615 1.184 2.919 0 0.039 0 0 
L-BL-2 0.108 9.943 3.876 82.703 1.414 2.611 0.024 0.033 0.002 0.016 
L-BL-4 0.06 0 87.83 1.85 1.62 1.71 0 0.00 0.03 0.02 
L-BL-4 0.06 0 85.34 4.85 1.12 2.83 0 0.00 0.04 0.01 
L-BL-4 0.09 0 85.72 4.59 1.34 2.44 0 0.02 0.07 0.00 
L-BL-5 1.72 0 85.30 1.96 0.87 1.31 0 0.33 0.05 0.02 
L-BL-5 0.39 0 85.74 2.52 1.46 1.82 0 0.04 0.05 0.02 
L-BL-6 0.41 0 1.77 87.39 0.87 1.18 0 0.05 0.08 0.00 
L-BL-6 0.26 0 2.19 92.28 1.15 1.68 0 0.06 0.02 0.00 
L-BL-7 0.23 0 2.12 85.41 1.82 0.68 0 0.01 0.06 0.01 
L-BL-7 1.25 0 3.10 85.49 1.20 1.30 0 0.12 0.03 0.03 
L-BL-7 0.91 0 3.20 84.28 1.95 0.62 0 0.05 0.02 0.01 
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Table 6-8 Whole Rock Major Element Data. All values are recorded in wt%. Data collected by Dr. Zachary Atlas with Dr. Aurelie 
Germa and Brenna Kaufman in 2010-2011 is labeled , data collected by Danielle Koebli with Austin Arias and Nicholas Bordieri are 
marked §. 
sample Analyst SiO2 TiO2 Al2O3 FeOt MnO MgO CaO Na2O K2O P2O5 Totals Mg Number LOI 
1-1-17  47.95 1.35 14.64 10.45 0.17 10.64 9.93 0.90 3.40 0.58 100 0.65 6.29 
1-2-17  47.92 1.40 15.19 10.06 0.17 9.55 8.73 3.53 2.60 0.86 100 0.63 5.28 
1-3-17  47.26 1.40 16.29 10.34 0.18 9.05 9.34 2.89 2.51 0.74 100 0.61 7.44 
1-4-17  50.45 1.44 18.96 8.35 0.18 3.38 6.42 5.92 4.16 0.73 100 0.42 4.21 
1-5-18  46.09 1.54 15.33 10.43 0.18 10.82 10.37 3.04 1.39 0.81 100 0.65 1.66 
2-6-18  49.35 1.20 16.87 9.91 0.19 8.22 7.27 3.04 3.41 0.56 100 0.60 2.11 
2-7-18  48.24 1.23 15.04 9.90 0.17 10.71 9.47 1.22 3.19 0.83 100 0.66 7.27 
2-8-18  48.92 1.17 15.44 9.55 0.15 9.11 9.73 1.57 3.74 0.61 100 0.63 6.11 
5-15-21  50.05 1.22 15.22 9.76 0.16 8.11 8.77 1.33 4.81 0.56 100 0.60 6.59 
5-16-21  48.83 1.29 16.10 9.71 0.18 7.42 10.31 1.36 4.22 0.59 100 0.58 6.79 
5-17-21  47.02 1.34 15.21 9.62 0.17 9.68 11.48 1.48 3.00 1.00 100 0.64 6.65 
5-18-21  46.84 1.31 15.73 10.17 0.19 11.30 8.73 1.81 2.96 0.96 100 0.67 6.46 
6-19-22  47.75 1.37 17.97 9.01 0.17 5.22 10.46 3.07 3.72 1.28 100 0.51 4.85 
6-20-22  46.11 1.42 14.17 10.40 0.18 10.91 11.56 1.51 2.62 1.11 100 0.65 5.45 
6-21-22  45.10 1.38 14.87 10.35 0.18 10.80 11.74 1.89 2.69 0.99 100 0.65 3.80 
6-22-22  44.78 1.33 14.07 10.46 0.19 11.36 12.53 2.71 1.37 1.21 100 0.66 2.14 
BL-1  48.89 1.16 14.66 9.59 0.18 10.33 8.71 2.39 3.05 1.04 100 0.66 4.54 
BL-2  47.84 1.25 15.23 9.66 0.19 10.73 9.53 1.41 2.96 1.21 100 0.67 3.96 
BL-3  47.73 1.68 18.71 9.12 0.15 4.30 9.03 3.70 4.32 1.24 100 0.46 1.47 
BL-06 § 44.29 1.17 16.27 10.11 0.27 13.83 8.38 2.65 2.21 0.82 100 0.71 0.00 
BL-07 § 47.55 1.03 13.20 7.98 0.24 9.59 8.81 2.71 2.37 0.77 100 0.68 5.74 
BL-09 § 45.99 1.00 16.10 9.35 0.27 9.85 7.37 2.88 2.87 0.63 100 0.65 3.70 
BL 10 § 40.24 1.20 15.73 9.70 0.29 11.72 9.92 2.80 2.91 0.86 100 0.68 4.62 
BL-11 § 43.60 1.00 15.57 9.03 0.26 6.04 12.14 1.96 3.69 0.64 100 0.55 6.07 
CM-1  47.52 1.37 15.83 9.22 0.16 7.50 13.22 0.90 3.25 1.03 100 0.59 7.38 
CM-2  48.55 1.30 15.09 9.31 0.13 9.54 10.28 1.84 3.10 0.85 100 0.65 9.42 
CM-3  46.50 1.34 15.21 9.57 0.19 6.34 15.11 1.72 3.06 0.96 100 0.54 6.74 
CM-4  47.26 1.33 15.23 10.03 0.17 8.32 11.81 0.97 3.57 1.32 100 0.60 5.33 
CM-5  47.79 1.26 15.66 9.92 0.18 10.47 8.94 1.89 3.00 0.90 100 0.65 8.51 
CM-6  47.53 1.23 15.57 9.95 0.17 6.95 13.16 1.48 3.12 0.82 100 0.56 6.58 
CM-7  46.88 1.25 15.25 9.88 0.18 9.57 12.00 0.55 3.08 1.35 100 0.63 6.09 
CM-8  46.18 1.33 15.03 9.95 0.18 10.87 10.64 1.76 2.81 1.25 100 0.66 3.52 
CM-9  46.86 1.33 14.98 9.37 0.17 5.83 14.15 3.27 3.35 0.69 100 0.53 5.42 
CM-10  45.55 1.42 14.34 11.05 0.18 12.10 10.48 1.69 2.57 0.62 100 0.66 4.55 
CM-11  47.35 1.33 15.05 9.92 0.18 10.19 8.88 3.32 2.83 0.95 100 0.65 5.83 
CM-12  48.43 1.42 15.05 9.80 0.17 9.48 8.19 2.51 4.35 0.59 100 0.63 5.02 
CM-22 § 48.25 1.09 15.87 9.68 0.28 12.59 8.77 3.33 2.44 0.80 100 0.70 5.81 
CM-22 Dup § 44.30 1.00 14.58 8.89 0.26 11.56 8.05 3.05 2.24 0.74 100 0.70 5.33 
CM-26 § 38.07 1.16 15.55 10.10 0.30 13.11 9.12 3.29 2.42 0.85 100 0.70 6.05 
CMFP-02 § 46.26 1.08 13.98 8.59 0.25 9.07 8.22 2.26 3.11 0.72 100 0.65 6.47 
CMFP-05 § 42.34 0.94 16.74 9.07 0.25 6.80 10.33 1.71 3.57 0.51 100 0.57 7.75 
CMFP-10A § 41.92 1.01 17.72 9.38 0.27 12.20 9.44 2.73 1.97 0.75 100 0.70 2.59 
FP-1  49.57 1.59 18.94 8.47 0.15 3.49 7.52 4.62 4.78 0.87 100 0.43 4.18 
FP-2  46.52 1.35 14.73 10.17 0.21 10.14 10.41 2.45 2.71 1.32 100 0.64 3.53 
FP-03 § 46.17 0.94 14.97 8.84 0.24 11.64 7.13 2.78 2.58 0.64 100 0.70 4.09 
FP-04 § 43.42 1.06 16.08 9.60 0.29 10.11 9.78 2.24 2.31 0.88 100 0.65 4.24 
FP-05B § 50.80 1.42 17.69 7.01 0.25 1.91 6.33 5.03 3.86 0.55 100 0.33 5.15 
FP-09 § 47.24 1.02 17.09 8.31 0.24 7.56 7.80 3.02 2.60 0.62 100 0.62 4.51 
TT-1  49.49 1.44 17.30 8.34 0.16 6.55 8.06 4.16 3.65 0.84 100 0.58 4.87 
TT-2  46.45 1.46 14.34 10.48 0.17 10.18 10.73 2.78 2.31 1.10 100 0.64 4.81 
TT-3  50.07 1.37 17.35 7.76 0.15 6.10 7.25 5.14 4.00 0.80 100 0.59 3.91 
TT-4  47.21 1.48 14.69 9.75 0.18 9.64 10.38 3.05 2.57 1.06 100 0.64 4.44 
TT-5  46.50 1.34 14.28 10.59 0.18 10.30 10.78 2.51 2.36 1.16 100 0.64 4.02 
TT-6  46.63 1.42 14.95 10.02 0.17 10.12 10.51 2.38 2.73 1.07 100 0.64 3.96 
TT-9  45.58 1.37 13.98 10.91 0.20 11.53 10.66 1.96 2.77 1.04 100 0.65 5.72 
TT-10  47.87 1.26 15.65 10.36 0.20 9.40 9.54 1.68 3.16 0.87 100 0.62 4.06 
TT-11  58.01 0.54 13.85 5.44 0.08 4.23 12.85 0.30 4.44 0.26 100 0.58 1.40 
Entrada § 63.82 0.24 8.09 1.30 0.17 -1.37 11.93 2.00 2.19 0.24 100 2.12 11.39 
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Table 6-9 Trace Element Geochemistry Results. All data are recorded in ppm. All Trace Element data was collected by Dr. Zachary Atlas with the 
helpf of Dr. Aurelie Germa and Brenna Kaufman. 
samples 1-1-17 1-2-17 1-3-17 1-4-17 1-5-18 2-6-18 2-7-18 2-8-18 5-15-21 5-16-21 5-17-21 5-18-21 
Li             
Cs             
Rb 80.46 60.74 58.25 90.92 15.80 79.68 60.25 77.79 107.76 87.84 59.47 62.32 
Ba 2799.96 2354.47 2430.34 3451.41 1748.97 2792.94 2683.36 2948.87 3003.36 3558.80 2668.44 2501.33 
Th 4.96 9.87 9.96 15.25 5.58 12.64 15.80 22.20 10.67 11.31 16.00 18.70 
U 1.12 2.03 1.97 3.04 1.23 2.73 3.07 4.21 2.42 2.73 3.18 4.20 
Pb 7.17 11.43 9.85 18.81 9.02 11.27 11.61 13.42 9.46 9.96 14.74 14.46 
Ta 1.84 1.54 1.61 2.24 1.86 2.36 2.33 2.21 3.07 2.29 2.09 2.31 
Nb 27.98 28.83 29.37 44.09 30.50 33.49 35.85 32.59 39.20 35.67 34.94 36.81 
Sr 817.67 1110.15 1351.40 1147.33 1265.48 968.40 1107.49 883.64 1198.45 1380.37 1681.52 835.50 
Hf 4.98 4.50 4.42 5.70 4.56 6.76 5.65 5.96 7.17 7.45 5.36 6.22 
Zr 204.84 192.27 191.30 272.49 209.90 284.72 239.79 245.69 295.76 305.55 236.10 259.75 
Y 21.66 24.95 25.04 30.53 27.88 27.78 24.62 24.40 22.58 23.81 25.58 26.91 
La 40.01 77.09 67.03 112.46 64.04 59.08 76.36 72.17 50.44 54.30 97.07 80.58 
Ce 82.30 147.47 126.00 444.05 132.25 110.64 137.76 124.89 98.00 104.49 384.93 147.68 
Pr 11.49 19.47 16.60 26.47 18.58 14.76 17.73 17.26 12.45 14.39 22.71 19.45 
Nd 36.73 59.10 50.55 -4.41 59.02 45.13 53.00 48.14 41.55 44.30 -6.39 57.54 
Sm 7.28 9.89 8.84 12.15 9.97 8.54 9.14 8.69 8.03 8.88 10.75 10.13 
Eu 2.24 2.76 2.54 3.38 2.75 2.53 2.64 2.57 2.42 2.67 2.97 2.82 
Gd 5.99 8.56 7.64 10.34 8.66 7.29 7.80 7.35 6.53 6.97 9.17 8.59 
Tb 0.74 0.95 0.89 1.14 1.02 0.91 0.89 0.87 0.81 0.87 1.01 1.00 
Dy 3.67 4.33 4.28 5.13 4.77 4.59 4.15 4.14 3.92 4.20 4.49 4.62 
Ho 0.75 0.85 0.86 1.02 0.95 0.94 0.83 0.83 0.77 0.82 0.88 0.93 
Er 2.05 2.41 2.42 2.95 2.68 2.67 2.39 2.38 2.16 2.35 2.54 2.65 
Yb 1.83 2.07 2.13 2.68 2.37 2.48 2.09 2.20 1.87 2.00 2.16 2.31 
Lu 0.28 0.31 0.33 0.41 0.36 0.38 0.33 0.33 0.28 0.31 0.33 0.35 
Be 1.59 1.69 1.79 2.37 1.72 2.34 2.15 2.53 2.79 3.34 2.07 2.25 
Sc 30.59 25.93 26.77 11.00 31.38 28.19 26.29 29.68 28.06 28.64 24.62 28.91 
Ti 7908.27 8173.66 8222.60 8753.46 9438.77 7436.60 7145.49 7032.95 7260.34 7288.44 7654.24 7778.84 
V 201.35 223.75 211.81 235.16 233.20 193.97 175.99 192.10 191.30 193.44 196.47 197.29 
Cr 384.00 396.26 349.43 5.01 387.97 387.41 366.72 398.68 296.95 304.04 382.02 360.48 
Co 42.75 39.32 36.17 19.50 46.61 37.07 37.09 38.30 35.88 31.99 38.10 36.83 
Ni 217.92 166.21 124.86 10.34 213.60 152.79 200.23 179.34 168.95 134.17 195.84 166.47 
Cu 50.81 60.77 71.37 118.76 59.72 70.87 51.09 54.21 65.04 49.72 51.59 44.94 
Zn 67.05 71.12 72.85 90.11 68.68 73.91 66.82 65.05 64.83 70.87 66.22 74.63 
Ga 55.29 48.85 50.73 68.97 38.72 57.98 53.66 58.87 62.89 71.98 55.90 54.43 
As             
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Table 6.9 continued 
Samples 
6-19-22 
(CM) 
6-20-22 
(CM) 
6-21-22 
(CM) 
6-22-22 
(CM) 
BL-1 BL-2 BL-3 BL-05 BL-06 BL-07 BL-09 BL-10 
Li        14.46 17.92 12.98 18.31 19.55 
Cs        6.34 5.96 2.54 6.48 5.32 
Rb 72.78 61.54 55.21 45.39 56.99 59.68 92.60 107.54 69.00 57.72 82.98 77.20 
Ba 3874.08 3009.18 2691.66 3027.24 2653.01 2833.28 4803.06 8834.32 5825.39 5818.84 5462.81 6578.71 
Th 20.59 9.26 10.86 14.43 14.55 15.73 16.11 20.59 10.28 15.45 17.18 15.46 
U 4.34 1.82 2.10 2.61 2.72 2.93 3.29 4.51 2.44 3.34 3.84 3.65 
Pb 30.94 14.94 12.83 17.02 16.69 16.82 17.41 21.78 11.15 17.40 14.20 14.91 
Ta 2.48 1.55 1.55 1.73 2.34 2.10 2.67 3.15 1.91 2.19 2.05 2.27 
Nb 42.34 32.49 29.80 30.76 37.11 35.67 46.98 56.68 34.43 37.70 32.82 40.22 
Sr 3205.59 1946.64 1911.54 2674.15 1825.95 1771.40 1904.25 2212.90 1251.23 2065.31 1075.13 1621.91 
Hf 5.56 4.28 3.81 4.08 5.75 5.67 5.01 5.66 4.60 5.79 5.76 5.48 
Zr 263.35 192.63 173.70 186.95 251.34 257.95 246.21 295.29 198.52 256.97 246.84 247.79 
Y 30.60 27.09 25.25 27.50 26.52 27.81 31.31 29.98 24.65 25.78 24.20 27.45 
La 389.46 107.40 101.55 135.62 96.46 107.98 114.77 124.01 75.59 102.62 66.13 94.56 
Ce 740.92 459.39 418.78 551.74 384.64 448.27 477.70 227.32 146.54 194.80 120.88 179.17 
Pr 43.35 27.68 24.69 32.61 22.60 25.93 28.37 26.35 18.27 23.77 14.83 21.79 
Nd -17.34 -2.63 -6.28 -7.82 -4.73 -4.13 -7.86 86.75 64.40 83.24 52.21 75.43 
Sm 17.57 12.74 11.24 14.25 10.89 12.51 13.83 12.98 10.47 12.61 8.91 12.09 
Eu 4.45 3.34 2.99 3.65 2.96 3.29 3.87 3.45 2.85 3.26 2.43 3.16 
Gd 14.98 10.43 9.41 11.87 9.26 10.45 11.16 10.80 8.71 10.30 7.33 9.84 
Tb 1.42 1.12 1.00 1.20 1.01 1.11 1.21 1.13 0.95 1.08 0.86 1.06 
Dy 5.47 4.76 4.32 4.89 4.50 4.77 5.26 5.01 4.38 4.56 4.15 4.79 
Ho 1.03 0.89 0.86 0.91 0.87 0.92 1.03 0.96 0.82 0.85 0.81 0.90 
Er 3.18 2.60 2.48 2.68 2.53 2.65 3.02 2.70 2.18 2.34 2.22 2.42 
Yb 2.54 2.14 2.03 2.14 2.15 2.21 2.55 2.57 2.00 2.05 2.16 2.24 
Lu 0.38 0.32 0.31 0.32 0.33 0.33 0.38 0.41 0.32 0.32 0.34 0.35 
Be 2.42 1.92 1.72 1.82 2.18 2.28 2.39 2.99 1.67 2.26 2.21 2.24 
Sc 12.77 28.59 28.67 30.47 24.81 25.97 10.86 7.36 29.68 24.52 30.58 28.05 
Ti 8379.84 8719.85 8186.40 8107.62 7292.00 7554.85 10251.40 8113.91 8230.35 8196.87 7679.35 8186.29 
V 268.96 216.69 238.49 225.62 163.34 184.07 249.22 222.98 200.34 197.49 198.48 215.67 
Cr 61.85 413.26 371.06 434.27 441.00 400.24 7.18 8.37 486.22 398.32 316.87 381.96 
Co 25.22 42.26 40.47 43.84 38.23 36.77 23.95 18.64 47.11 39.84 40.73 41.80 
Ni 42.66 166.21 173.10 206.45 229.02 183.78 25.53 20.04 244.39 203.79 192.77 208.70 
Cu 110.67 59.79 50.55 72.15 50.71 48.94 98.23 82.27 49.04 60.04 47.09 56.89 
Zn 89.00 80.41 76.76 81.27 87.91 82.72 80.93 86.08 97.51 97.87 86.78 88.66 
Ga 78.74 58.50 57.11 61.17 56.85 60.33 93.66 50.81 34.17 37.04 36.09 38.73 
As             
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Table 6.9 continued 
Samples BL-11 CM-1 CM-2 CM-3 CM-4 CM-5 CM-6 CM-7 CM-8 CM-9 CM-10 CM-11 CM-12 
Li 23.11             
Cs 6.21             
Rb 106.50 63.07 61.09 65.58 70.34 62.02 58.24 60.57 38.65 73.43 61.12 63.22 102.64 
Ba 7064.02 2644.80 2483.34 2589.22 3434.00 2797.40 2617.97 3445.37 2995.14 2304.02 1977.09 2503.88 2753.97 
Th 12.26 15.62 9.43 15.40 28.24 20.55 17.90 24.88 18.31 7.70 6.33 11.17 5.50 
U 2.66 2.97 1.93 2.97 5.05 4.30 3.95 4.44 3.28 1.76 1.23 2.22 1.14 
Pb 12.04 14.87 13.90 15.03 21.70 14.72 13.19 20.41 20.48 11.64 8.49 11.23 8.06 
Ta 2.54 1.54 1.76 1.99 2.44 2.49 2.29 1.97 1.97 1.84 1.68 2.04 2.35 
Nb 40.42 33.89 28.95 33.77 41.95 39.58 35.92 34.60 34.39 30.42 27.61 33.27 32.69 
Sr 1504.95 1641.65 1514.41 1679.99 2203.19 1226.47 1513.83 2681.09 2921.17 942.29 1235.37 959.59 797.17 
Hf 7.02 5.25 4.57 5.20 6.22 6.20 5.62 5.02 5.28 3.98 4.13 5.37 5.38 
Zr 300.61 235.71 201.21 232.60 282.11 271.89 245.81 226.24 237.95 163.15 179.07 239.76 237.80 
Y 23.91 25.06 21.48 25.35 27.68 27.72 24.90 30.00 28.45 20.80 24.90 26.82 23.09 
La 76.00 93.62 74.50 92.39 137.14 87.72 75.81 150.74 127.71 64.03 56.40 72.78 46.01 
Ce 140.86 308.72 143.72 169.40 527.56 156.93 136.24 593.58 512.28 124.81 110.01 140.00 96.85 
Pr 17.04 21.91 19.33 21.82 29.88 20.22 17.78 33.76 30.05 16.98 14.84 18.59 13.68 
Nd 59.66 16.85 58.78 63.67 -14.26 59.89 52.75 -16.63 -8.74 52.11 45.83 56.80 43.27 
Sm 10.13 10.42 9.66 10.46 12.96 10.29 9.26 14.29 13.44 8.73 8.07 9.47 8.09 
Eu 2.81 2.88 2.61 2.86 3.48 2.88 2.61 3.69 3.53 2.40 2.30 2.65 2.35 
Gd 8.34 8.90 7.82 8.93 11.04 8.71 7.75 12.27 11.13 7.15 7.02 8.02 6.39 
Tb 0.93 0.98 0.84 0.99 1.15 0.98 0.90 1.23 1.18 0.80 0.85 0.93 0.81 
Dy 4.29 4.29 3.73 4.29 4.75 4.59 4.15 5.07 4.91 3.59 4.12 4.43 3.94 
Ho 0.81 0.84 0.72 0.84 0.90 0.92 0.82 0.97 0.93 0.68 0.83 0.87 0.76 
Er 2.12 2.41 2.04 2.43 2.60 2.62 2.40 2.88 2.72 1.92 2.32 2.51 2.17 
Yb 1.89 2.03 1.72 2.01 2.11 2.33 2.11 2.34 2.24 1.61 2.08 2.22 1.88 
Lu 0.29 0.31 0.26 0.31 0.31 0.36 0.33 0.35 0.34 0.23 0.31 0.34 0.29 
Be 2.45 2.23 1.67 1.92 3.27 2.77 2.33 2.51 2.33 1.77 1.57 2.22 2.26 
Sc 28.63 25.75 24.49 26.25 24.99 27.93 25.99 27.38 24.98 26.41 35.20 27.99 29.09 
Ti 7475.33 7916.68 7616.02 7918.04 7766.80 8074.74 7235.61 7342.17 7743.42 7670.04 8369.51 7591.44 8426.06 
V 198.72 188.11 171.05 186.00 181.94 186.08 166.41 195.24 175.37 162.41 176.97 168.86 181.34 
Cr 301.45 393.08 413.51 419.63 303.23 359.35 325.69 404.18 358.64 461.59 499.71 372.37 403.35 
Co 39.25 27.75 36.24 36.34 33.13 37.29 35.91 36.29 37.30 36.94 49.67 37.29 39.18 
Ni 172.76 121.34 215.39 172.12 158.15 164.40 172.25 156.49 175.35 185.78 224.43 154.91 169.98 
Cu 51.20 58.43 87.34 89.80 49.34 64.58 48.00 59.42 86.76 69.24 132.63 75.60 56.91 
Zn 83.28 80.40 83.59 94.53 91.87 90.21 81.91 77.77 99.98 87.09 98.66 69.70 74.67 
Ga 41.53 56.42 52.35 54.91 68.87 59.71 55.15 66.16 59.62 48.50 42.72 51.66 56.78 
As              
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Table 6.9 continued 
Samples CM-20 CM-21 CM-22 CM-23 
CM-23--
VEIN 
CM-24 CM-25 CM-26 
CMFP-
02 
CMFP-
03 
CMFP04 
CMFP-
04-Dup 
Li 13.28 17.81 14.16 10.80 8.59 41.31 48.38 25.45 30.20 16.88 33.30 24.75 
Cs 4.79 6.70 6.02 5.26 5.37 6.82 5.51 6.74 4.26 6.53 4.80 3.50 
Rb 24.57 105.32 72.44 99.15 104.26 106.99 94.87 87.50 94.00 78.26 74.46 57.55 
Ba 2692.36 9109.29 4953.16 8003.08 5103.81 5914.23 5741.41 5761.39 2603.42 3217.90 4149.32 6375.00 
Th 15.04 12.53 12.04 10.02 9.92 4.01 7.06 15.23 6.80 14.49 38.50 25.85 
U 3.36 2.87 2.70 2.19 2.00 1.09 1.93 3.45 1.64 3.18 7.68 5.18 
Pb 16.98 13.93 12.79 13.00 10.49 6.49 7.98 12.61 5.43 15.52 27.11 19.56 
Ta 2.76 3.34 2.37 2.97 2.93 2.19 2.47 2.32 2.17 2.54 3.51 2.24 
Nb 36.10 57.73 38.55 50.07 50.28 34.21 36.08 35.18 26.08 33.89 46.76 38.31 
Sr 1819.55 1777.24 1400.78 1712.59 1513.30 668.11 633.40 1069.40 607.28 1369.58 2579.69 2069.43 
Hf 5.90 6.48 6.24 6.28 4.82 6.00 6.07 6.29 4.38 5.58 8.31 6.44 
Zr 266.72 315.24 274.58 291.89 273.81 251.76 260.46 264.51 187.39 252.10 365.53 278.48 
Y 25.67 33.39 28.59 33.39 35.08 23.46 23.85 22.62 15.88 24.96 36.45 27.75 
La 90.65 90.71 77.59 81.48 228.71 36.72 40.94 73.23 34.17 90.82 168.24 114.21 
Ce 173.80 173.18 149.61 156.25 460.20 79.09 81.99 134.40 66.57 172.80 301.03 201.64 
Pr 20.10 20.81 18.34 19.16 22.80 10.53 10.52 16.45 8.02 19.82 33.86 23.68 
Nd 69.40 72.61 65.75 68.17 -17.36 39.83 38.74 58.02 29.40 68.54 115.64 81.35 
Sm 11.36 11.95 10.44 11.40 14.07 7.65 7.36 9.73 5.82 10.93 17.61 12.44 
Eu 3.01 3.40 2.84 3.33 4.13 2.30 2.22 2.65 1.76 2.97 4.61 3.24 
Gd 9.10 9.99 8.99 9.73 11.09 6.41 6.28 8.02 4.61 8.95 14.45 10.48 
Tb 1.04 1.15 1.05 1.16 1.32 0.82 0.79 0.89 0.58 1.02 1.59 1.11 
Dy 4.73 5.67 4.91 5.63 6.15 4.17 4.02 4.03 2.89 4.67 7.00 4.87 
Ho 0.94 1.09 0.94 1.09 1.20 0.79 0.77 0.75 0.60 0.92 1.37 0.92 
Er 2.39 3.05 2.56 3.04 3.39 2.07 2.12 2.00 1.48 2.38 3.51 2.51 
Yb 2.25 2.93 2.41 2.92 2.96 1.92 2.13 1.82 1.45 2.19 3.24 2.30 
Lu 0.35 0.47 0.37 0.47 0.44 0.30 0.33 0.28 0.23 0.34 0.50 0.35 
Be 2.52 3.02 2.30 2.49 1.80 2.21 2.49 2.43 2.25 2.37 3.43 2.51 
Sc 26.40 11.66 30.79 18.50 10.05 31.60 30.77 27.13 23.51 24.90 34.58 25.92 
Ti 8812.85 11442.65 7647.52 10950.52 11169.40 9235.42 7576.31 7839.49 7387.54 8969.40 10356.20 7016.92 
V 179.96 277.29 199.68 275.45 269.97 238.97 198.83 196.52 162.71 202.74 241.32 181.30 
Cr 376.13 10.60 374.19 4.49 6.23 342.24 323.84 235.10 335.97 387.98 493.42 335.84 
Co 38.23 24.07 39.89 25.37 23.27 36.02 35.85 36.34 33.60 37.34 47.07 34.66 
Ni 198.00 20.07 187.05 27.37 17.03 129.24 165.88 148.72 168.31 167.25 221.87 166.88 
Cu 45.37 87.38 52.00 70.21 87.06 56.20 49.61 47.83 50.86 52.19 70.71 53.28 
Zn 88.87 112.23 84.04 101.86 85.82 87.72 82.54 80.62 70.99 85.43 115.93 87.57 
Ga 36.52 53.15 32.86 47.73 125.57 38.65 37.51 37.23 33.92 40.67 51.83 38.05 
As     1.40        
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Table 6.9 continued 
Samples 
CMFP-
05 
CMFP-
06 
CMFP-
07 
CMFP-
08 
CMFP-
09 
CMFP-
10A 
CMFP-
10-B 
CMFP-
11 
FP-
CM-
Dike 
FP-
CM-
Dike-2 
FP-1 FP-2 
Li 13.49 55.81 64.74 33.61 36.00 18.14 25.95 44.75 32.08 41.46   
Cs 5.62 10.04 6.94 5.12 3.06 8.97 6.25 3.46 5.18 5.62   
Rb 67.44 86.87 108.78 85.02 68.69 71.20 18.01 74.26 76.02 75.06 106.98 58.94 
Ba 2950.35 3222.72 4199.17 3045.17 2888.86 2822.57 2334.44 4098.84 6443.72 6686.84 3586.73 3492.38 
Th 13.99 19.34 14.18 12.30 23.42 14.43 15.86 38.46 13.59 15.12 14.52 32.84 
U 3.32 4.47 3.42 3.07 4.24 3.42 3.44 7.53 3.25 3.34 3.37 5.71 
Pb 15.02 22.30 15.47 11.67 17.98 12.16 11.40 27.44 12.45 13.61 15.60 23.90 
Ta 2.21 3.16 3.86 2.37 2.61 2.63 2.30 3.47 2.43 2.52 2.74 2.33 
Nb 31.66 36.99 46.81 29.01 35.36 32.08 35.57 47.13 38.15 39.86 44.58 41.78 
Sr 1624.17 1024.34 1074.11 1189.48 1282.46 978.38 914.96 1960.43 888.80 822.49 1319.45 2429.10 
Hf 4.56 6.49 8.85 5.27 5.33 6.10 5.97 8.18 6.58 6.82 5.93 6.12 
Zr 202.04 278.69 382.70 226.27 237.29 264.54 301.00 368.87 282.37 296.98 297.95 277.64 
Y 25.69 24.53 33.85 21.66 26.23 23.05 23.59 37.66 24.42 25.57 31.46 29.52 
La 87.53 73.63 80.87 54.30 101.48 59.24 140.70 164.30 65.52 71.59 88.39 154.71 
Ce 165.81 131.93 160.52 103.25 181.03 112.11 269.23 295.46 120.18 130.25 165.84 584.12 
Pr 19.25 15.01 19.37 12.22 19.77 13.10 13.42 32.95 14.66 15.64 21.68 32.48 
Nd 67.79 51.88 69.32 43.70 66.01 46.20 -8.97 110.49 50.76 53.96 64.82 -17.02 
Sm 11.23 9.33 12.81 8.28 10.76 8.51 8.71 17.27 9.01 9.29 10.90 13.76 
Eu 3.05 2.68 3.65 2.38 2.93 2.39 2.46 4.49 2.53 2.64 3.14 3.66 
Gd 9.16 7.47 10.33 6.51 8.94 6.90 7.11 14.14 7.47 7.81 9.04 11.86 
Tb 1.05 0.90 1.28 0.80 1.02 0.86 0.87 1.56 0.85 0.90 1.06 1.20 
Dy 4.87 4.41 6.23 3.88 4.76 4.16 4.16 6.96 4.22 4.41 5.06 5.08 
Ho 0.95 0.90 1.25 0.80 0.97 0.84 0.81 1.38 0.82 0.84 1.02 0.94 
Er 2.41 2.33 3.20 2.04 2.48 2.17 2.22 3.60 2.23 2.33 2.96 2.74 
Yb 2.25 2.31 3.02 1.98 2.33 2.09 2.01 3.42 2.04 2.20 2.72 2.22 
Lu 0.35 0.36 0.47 0.31 0.37 0.33 0.30 0.53 0.32 0.34 0.41 0.34 
Be 1.98 2.64 4.17 2.83 2.40 2.56 2.19 3.55 2.66 2.70 2.71 2.73 
Sc 30.16 31.04 37.79 31.08 30.83 27.60 26.20 33.21 28.73 28.40 16.57 24.17 
Ti 8990.69 8421.06 11025.41 8356.23 8569.45 7527.69 6700.66 10442.24 7066.49 6954.73 9690.53 7758.43 
V 218.69 190.59 264.98 207.44 203.18 176.38 200.46 250.54 186.79 182.40 220.84 167.96 
Cr 451.79 384.83 540.36 449.13 396.43 355.91 279.88 505.80 375.80 363.29 -0.48 353.12 
Co 47.17 40.57 57.64 46.25 39.95 36.36 35.77 51.20 39.34 36.54 20.76 36.61 
Ni 232.94 186.79 270.13 223.04 177.41 166.59 145.67 271.75 180.82 174.33 14.34 177.54 
Cu 61.28 53.24 73.92 58.14 60.67 51.79 44.85 81.89 52.80 53.91 86.70 69.66 
Zn 88.70 92.81 123.35 83.94 87.33 76.05 74.31 121.98 84.50 81.30 81.22 95.62 
Ga 36.15 41.36 54.89 39.23 36.65 37.59 55.27 51.88 39.09 40.49 73.65 68.29 
As       1.44      
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Table 6.9 continued 
Samples FP-03 FP-04 FP-05A FP-05B FP-06 FP07 
FP-08-
SILL 
FP09 FP-10 
FPD-
Middle 
FPD-
West 
TT-1 
Li 9.39 16.16 28.98 35.06 14.29 15.58 25.41 32.81 11.72 19.75 27.97  
Cs 4.44 4.39 6.23 6.90 4.95 3.79 4.33 5.00 5.08 0.88 6.75  
Rb 75.37 69.83 100.28 115.46 83.73 65.03 75.09 80.19 97.81 50.90 69.72 71.25 
Ba 2094.92 3764.12 4325.19 5274.87 2579.64 2581.42 2223.47 2752.86 3254.09 3986.28 6196.06 3776.41 
Th 10.29 35.33 11.49 12.76 10.72 10.67 10.81 11.61 12.50 7.70 19.37 20.93 
U 2.62 6.83 3.07 3.41 2.76 2.48 2.40 2.75 3.07 2.08 4.19 3.85 
Pb 10.89 26.59 13.64 14.60 10.21 10.52 9.53 12.73 13.25 6.29 17.01 22.32 
Ta 2.29 3.06 3.22 3.51 2.76 2.02 1.86 2.34 3.35 2.45 1.91 2.52 
Nb 30.26 45.10 44.66 48.36 38.45 28.00 31.79 32.11 44.87 44.10 33.60 48.70 
Sr 1080.19 2761.90 783.48 830.12 1185.39 1219.40 1477.61 1267.89 1408.90 1526.24 1959.15 2075.46 
Hf 5.04 6.54 5.49 5.98 5.28 4.82 4.47 5.08 5.64 4.88 5.13 5.56 
Zr 234.57 298.99 270.55 294.78 251.10 209.34 242.52 235.73 278.96 229.55 230.49 277.23 
Y 23.42 30.20 27.00 27.75 24.83 23.93 22.90 24.89 29.09 29.02 25.97 28.39 
La 60.43 172.45 72.82 76.02 61.88 69.51 140.51 73.13 79.56 70.05 106.15 147.78 
Ce 117.68 693.56 140.72 147.41 121.62 135.65 282.66 142.38 155.93 138.08 192.47 605.72 
Pr 13.90 33.18 16.49 17.15 14.41 16.14 14.25 16.70 18.22 17.67 22.91 34.89 
Nd 50.07 -17.11 58.39 60.40 51.80 58.64 -9.10 59.74 64.51 63.55 77.36 -13.64 
Sm 8.39 15.77 10.10 10.69 8.89 9.80 8.89 9.99 10.76 10.43 11.68 14.50 
Eu 2.35 4.16 3.02 3.24 2.48 2.75 2.48 2.75 3.03 2.78 3.05 3.72 
Gd 7.08 13.17 8.01 8.30 7.33 8.04 7.18 8.13 8.95 9.13 9.63 11.89 
Tb 0.86 1.37 0.97 0.99 0.90 0.95 0.86 0.96 1.06 1.03 1.02 1.17 
Dy 4.19 5.79 4.72 4.89 4.47 4.49 3.99 4.53 5.15 5.07 4.47 4.82 
Ho 0.86 1.11 0.99 1.02 0.92 0.90 0.78 0.92 1.07 0.97 0.85 0.92 
Er 2.22 2.82 2.51 2.65 2.33 2.26 2.19 2.36 2.76 2.67 2.36 2.74 
Yb 2.19 2.46 2.50 2.63 2.36 2.10 1.97 2.24 2.70 2.41 2.16 2.34 
Lu 0.35 0.39 0.41 0.42 0.38 0.33 0.29 0.35 0.42 0.38 0.34 0.36 
Be 2.21 3.03 2.75 2.87 2.35 1.82 1.62 2.18 2.72 1.66 1.95 2.62 
Sc 31.59 26.42 13.46 12.67 30.24 33.93 23.75 27.98 13.55 27.77 26.35 16.46 
Ti 8806.09 9409.65 10720.65 11720.44 10273.39 9978.11 7941.19 9587.13 10775.08 11104.14 7357.81 8224.22 
V 213.46 205.58 264.82 274.41 237.91 243.53 255.39 233.60 224.13 239.08 202.44 178.52 
Cr 426.32 374.17 1.10 1.36 384.75 513.67 223.32 345.34 0.78 266.90 434.63 200.57 
Co 45.07 38.22 21.12 23.16 43.09 48.89 29.56 37.40 19.02 27.50 41.50 26.12 
Ni 201.29 178.91 8.22 8.76 167.93 230.65 73.33 133.31 8.11 110.42 212.99 83.50 
Cu 44.18 52.38 84.00 81.14 43.77 49.55 50.12 49.21 71.53 58.05 56.19 103.15 
Zn 77.92 97.75 94.83 104.11 89.25 88.37 73.46 85.63 77.50 104.50 83.30 88.74 
Ga 31.30 46.54 52.40 61.44 36.80 34.79 53.76 36.74 42.42 30.10 36.09 73.62 
As       1.12      
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Table 6.9 continued 
Samples TT-2 TT-3 TT-4 TT-5 TT-6 TT-9 TT-11 
KOJI-
1 
KOJI-
2-Ave 
Li        7.30 6.83 
Cs        4.30 13.68 
Rb 45.68 84.01 53.59 48.09 55.13 62.51 136.51 53.27 94.16 
Ba 2625.99 4124.34 3101.30 2502.40 2873.69 3273.20 640.69 2317.03 3238.17 
Th 14.08 25.43 17.19 15.03 15.87 24.69 8.89 8.21 8.43 
U 2.56 4.84 3.20 2.77 2.94 3.95 1.89 1.74 1.48 
Pb 25.38 27.67 16.44 15.98 16.52 15.50 12.18 8.88 8.74 
Ta 1.71 2.91 2.09 1.76 1.91 1.93 0.72 1.93 2.05 
Nb 32.11 56.45 38.38 32.97 34.45 35.25 10.49 33.45 31.65 
Sr 2947.60 3500.35 2693.39 2631.57 2649.72 1529.55 229.32 1349.85 1517.13 
Hf 4.58 6.60 5.28 4.99 5.08 5.51 2.33 4.26 4.91 
Zr 207.30 325.13 240.14 218.78 226.43 239.41 78.77 220.45 232.85 
Y 25.71 30.68 27.98 27.12 27.18 28.94 28.36 24.96 19.13 
La 112.85 164.63 130.41 119.41 122.04 109.41 31.08 154.12 130.04 
Ce 485.48 676.87 559.12 517.83 520.41 425.24 62.84 312.33 266.19 
Pr 29.42 38.77 33.49 31.28 31.80 24.00 8.91 15.89 13.81 
Nd -1.57 -16.04 -4.73 -1.72 -0.09 -9.49 28.72 -8.56 -6.17 
Sm 13.18 15.93 14.83 14.14 14.30 11.56 5.92 9.75 8.84 
Eu 3.36 4.10 3.79 3.59 3.68 3.23 1.27 2.73 2.58 
Gd 10.86 13.45 12.39 12.00 12.08 9.89 5.58 8.11 6.82 
Tb 1.09 1.30 1.23 1.20 1.20 1.10 0.79 0.97 0.79 
Dy 4.54 5.31 5.03 4.88 4.91 5.05 4.40 4.53 3.56 
Ho 0.85 1.02 0.94 0.91 0.92 0.97 0.91 0.86 0.67 
Er 2.47 3.10 2.82 2.69 2.69 2.79 2.66 2.37 1.84 
Yb 2.03 2.71 2.28 2.15 2.18 2.39 2.55 2.08 1.55 
Lu 0.30 0.41 0.35 0.34 0.33 0.36 0.38 0.31 0.23 
Be 1.87 2.79 2.14 1.93 1.82 2.26 3.03 1.63 1.85 
Sc 26.85 17.78 25.92 29.05 26.77 29.60 12.17 30.42 24.21 
Ti 8236.40 8465.62 8777.83 8584.97 9025.45 8039.80 3875.62 9172.79 6379.00 
V 174.48 183.56 185.47 180.87 210.92 185.42 70.69 243.71 198.71 
Cr 419.02 191.22 376.67 447.21 398.25 456.56 51.60 395.61 297.58 
Co 40.07 26.16 39.02 43.48 41.71 42.62 9.57 44.12 33.00 
Ni 157.31 84.46 148.69 172.47 164.29 204.73 26.64 165.20 127.05 
Cu 109.73 83.25 58.30 59.59 55.71 58.24 20.48 58.74 45.33 
Zn 102.63 72.91 77.22 87.52 77.81 73.84 57.27 84.26 69.11 
Ga 52.50 74.73 57.24 48.48 54.75 60.00 22.20 52.94 69.00 
As        1.15 1.05 
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Table 6.9 continued 
Samples LMB-CS HEEBES-MT Boulder Entrada Curtis 
Li 13.77 27.55 15.72   
Cs 3.87 7.80 4.35   
Rb 65.37 106.40 101.81 49.65 51.41 
Ba 5490.39 3019.13 679.03 646.12 360.55 
Th 11.94 17.79 12.30 3.55 2.64 
U 2.81 3.50 4.38 1.12 0.70 
Pb 16.90 16.77 15.68 8.68 8.18 
Ta 2.10 3.49 0.71 0.33 0.05 
Nb 37.96 59.20 10.93 3.75 2.57 
Sr 2455.49 1742.37 700.09 854.26 101.20 
Hf 5.24 5.68 5.60 1.27 1.31 
Zr 246.45 347.57 222.40 48.73 53.09 
Y 26.30 33.65 24.46 11.17 11.15 
La 104.88 248.52 34.93 14.03 11.56 
Ce 204.21 486.52 74.24 26.92 19.86 
Pr 25.50 23.76 9.87 3.87 3.08 
Nd 89.92 -20.19 37.19 12.35 10.02 
Sm 13.75 13.08 7.28 2.57 2.07 
Eu 3.41 3.55 1.69 0.66 0.55 
Gd 11.11 10.85 6.46 2.23 1.90 
Tb 1.12 1.24 0.79 0.31 0.27 
Dy 4.74 5.73 4.07 1.65 1.55 
Ho 0.88 1.13 0.80 0.34 0.33 
Er 2.39 3.27 2.18 0.98 0.95 
Yb 2.08 3.04 2.13 0.96 0.97 
Lu 0.33 0.46 0.34 0.15 0.15 
Be 1.86 2.80 2.55 0.86 0.85 
Sc 25.66 8.45 17.70 3.44 2.87 
Ti 7445.91 8918.28 5486.22 1422.97 1186.57 
V 187.53 249.41 173.31 19.66 14.23 
Cr 430.36 4.36 48.89 13.32 14.40 
Co 46.65 17.75 23.74 3.29 2.61 
Ni 293.23 6.47 27.87 9.41 6.98 
Cu 54.44 88.66 101.20 18.55 6.61 
Zn 89.21 84.06 77.36 18.38 10.82 
Ga 35.26 72.56 23.13 15.63 10.48 
As  1.79    
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Table 6-10 Geothermometer Results 
Pyroxene Geothermobarometer  
 
Sample 
Names 
T C P (Kbar) Standard Deviation 
BL10 1157.7594 8.069321 >1 
BL11 1167.1463 7.8129 >1 
CM22 1114.3968 5.7050 >1 
CMFP02 1172.7071 8.9018 >1 
CMFP05 1152.7395 9.9014 >1 
CMFP10A 1140.2143 8.1888 >1 
FP3 1135.0161 7.7479 >1 
FP4 1134.2673 7.9732 >1 
Olivine Geothermometer 
 
Sample 
Names  T C Est. Fo 
 
BL 10 1409.04478 87.219151 >1 
CM-22 1386.51064 85.45841 >1 
CM-26 1438.1244 86.09884 >1 
CMFP-05 1250.867 86.853991 >1 
CMFP-02 1324.42346 86.237803 >1 
CMFP-10A 1384.78931 85.481101 >1 
FP-03 1386.74339 86.492369 >1 
FP-04 1334.81477 85.344936 >1 
FP-09 1282.89641 84.95639 >1 
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Figure 6-1 Shonkinite. FP 9 (A and B) is an example of fine-medium grained shonkinite. The hand sample (A) appears to be quite 
fine grained, the thin section (B) shows a better representation of medium grain with 1.5 – 2mm phenocrysts. CMFP 10A (C and 
D) are an example of fine grained shonkinite. The hand sample (C) has some sandstone inclusions, but these were not part of 
sampling. The hand sample does appear to be visually fine grained. The thin section (D) has crystals that are .5mm and less.  
 
89 
Figure 6-2 Syeno-Diorite. CM 22 (A and B) are examples of medium grained and more evolved rock syeno-diorite. In hand 
sample (A) it appears fine grained though with a lighter coloring than shonkinite. In thin section (B) the sample shows crystals 
that are 1 mm and larger. CMFP 05 (C and D) are examples of a more fine-medium grained syeno-diorite. In hand sample (C) it 
also appears fine grained. In thin section (D) the texture is better represented with phenocrysts that are 1- 1.5 mm and >.5mm 
plagioclase. 
 
90 
Figure 6-3 Syenite.  FP 3 (A and B) is a medium grained syenite. The hand sample (A) shows 2mm long hornblend crystals. In 
thin section (B) the crystals range from .5mm to 1.5 mm phenocrysts. FP 05B (C and D) are a coarse grained syenite. The hand 
sample (C) shows hornblende up to 5 mm in length. The thin section (D) has crystals that range from 2 – 6mm.  
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Figure 6-4 Representation of % of each rock in sample suite. 
92 
Figure 6-5 Quartz xenolith in BL11, 40x CPL. Quartz is circled. Surrounding the quartz is biotite and pyroxene, examples of which are also circled. 
 
 
93 
Figure 6-6 Macroscopic photograph of thin section for sample BL-5 data point for EPMA analysis. Each image is at 40x in CPL 
94 
Figure 6-7 Microscopic photograph of thin section for sample BL-10 data point for EPMA analysis. Each image is at 40x in 
CPL. 
 
95 
Figure 6-8 Microscopic photograph of thin section for sample BL-11 data point for EPMA analysis. Each image is at 40x in 
CPL. 
 
96 
Figure 6-9 Microscopic photograph of thin section for sample FP-3 data point for EPMA analysis. Each image is at 40x in CPL. 
 
97 
Figure 6-9 Continued.
 
98 
Figure 6-10 Microscopic photograph of thin section for sample FP-4 data point for EPMA analysis. Each image is at 40x in CPL
99 
Figure 6-11 Microscopic photograph of thin section for sample FP-05B data point for EPMA analysis. Each image is at 40x in 
CPL. 
100 
Figure 6-11 Continued 
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Figure 6-12 Microscopic photograph of thin section for sample FP-9 data point for EPMA analysis. Each image is at 40x in 
CPL. 
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Figure 6-13 Microscopic photograph of thin section for sample CMFP-0 data point for EPMA analysis. Each image is at 40x in 
CPL. 
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Figure 6-14 Microscopic photograph of thin section for sample CMFP-05 data point for EPMA analysis. Each image is at 40x in 
CPL. 
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Figure 6-14 Continued. 
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Figure 6-15 Microscopic photograph of thin section for sample CMFP-10A data point for EPMA analysis. Each image is at 40x 
in CPL. 
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Figure 6-16 Microscopic photograph of thin section for sample CM-22 data point for EPMA analysis. Each image is at 40x in 
CPL. 
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Figure 6-17 Microscopic photograph of thin section for sample CM-26 data point for EPMA analysis. Each image is at 40x in 
CPL. 
  
108 
  Figure 6-18 Microscopic EPMA backscatter photograph of thin section for sample L-BL-1 with data point for 
analysis. 
109 
 
Figure 6-19 Microscopic EPMA backscatter photograph of thin section for sample L-BL-2 with data point for 
analysis. 
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Figure 6-20 Microscopic EPMA backscatter photograph of thin section for sample L-BL-4 with data point for 
analysis. 
 
111 
 Figure 6-21 Microscopic EPMA backscatter photograph of thin section for sample L-BL-5 with data point for 
analysis. 
. 
112 
Figure 6-22 Microscopic EPMA backscatter photograph of thin section for sample L-BL-6 with data point for analysis.
113 
Figure 6-23 Microscopic EPMA backscatter photograph of thin section for sample L-BL-7 with data point for analysis. 
. 
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Figure 6-24 Feldspar Ternary Diagram. Data points are based off of EPMA data. The trend of evolution is represented by the triangle. This represents the evolution of feldspars 
as the magma cooled and crystallized. 
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Figure 6-25 Olivine Ternary Diagram. Based off of EPMA data. The Trend is indicated by the triangle with the arrow. The 
olivine in the samples started as forsterite and moved towards fayalite as evolution occurred within the magma.
116 
Figure 6-26 Pyroxene Ternary Diagram. All data is based off of EPMA data. The triangle indicates the trend as the magma evolves, forming enstatite to diopside
117 
Figure 6-27 Fe-Ti Oxides Classification Diagram. The diagram represents EPMA data for L-BL 1-7. The data indicates that the ‘spinel’ crystals present in the natural samples 
were magnetite based upon the amount of Fe present within the system. 
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Figure 6-28 Hydrothermal veins at Cedar Mountain. Photo Courtesy of Elisabeth Gallant and Dr. Jacob Richardson. 
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Figure 6-29 AFM Diagram. Alkaline magmas evolve towards Al2O3. (a) shows the evolution from shonkinite to syenite as silicate-liquid immiscibility occurred (b) shows the 
evolution with all regions labeled (c) shows each region that is associated, the vast majority of the features that become more alkaline are sills. 
 
a b 
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Figure 6-30 TAS Diagram. Shows Gabbro, syeno-diorite and syenite samples. (a) shows samples based on syenite or shonkinite (b)  represents region, this shows that the syenites 
are from predominantly sills and some conduits. 
a b 
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Figure 6-31 MELTS vs Natural data. Melts data is the red and blue lines, each color represents a run. The large symbols 
represent the natural data. This allowed for the choosing of which run was best for comparison to our natural data. The red line 
represents the run conducted with crystal fractionation enabled, which appears to match the trend of the natural data the best.  
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7. Discussion 
The SRVF is a volcanic field within the Transition Zone of the Colorado Plateau. Within the 
field we see evidence of immiscibility in the form of two syn-eruptive rock types within the sills 
– syenite and shonkinite. What makes this a feature of interest is that there is evidence to suggest 
that the intrusions into the sills were due to one event (Gudmundsson, 2012), indicating that the 
syenite would have had to differentiate in situ within the sills. 
Major and Trace Element Data 
I plotted trace element data using this Shervais diagram (figure 7.1) to determine the 
tectonic setting of the SRVF. The samples cluster within the Mid Ocean Ridge Basalt (MORB) 
and Back Arc Basis (BAB) field, which indicates an asthenospheric melt origin. The distribution 
of the data is near the boundary for Ocean Island Basalt (OIB) and Alkali Basalts, which 
indicates a lithospheric melt origin. We assume that the melt itself formed at the boundary of the 
lithosphere and asthenosphere due to a mantle plume generated by the lithosphere delamination 
following steepening of the subduction occurring after 20 Ma (figure 7.2). (van Wijk et al., 2010; 
Levander et al., 2011).  
Total Alkali vs Silica Diagrams (TAS) (figure 6.11.a and b) were plotted according to 
rock type (syenite and shonkinite) and by feature (dike, sill and conduit). Figure 6.11.a shows the 
evolution of the melt as differentiation occurred between the syenite and shonkinite. Samples 
plot as alkaline and move from ultrabasic to basic as syenite formation occurs. In figure 6.11.b 
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we observe where differentiation occurred. Shonkinite plots as gabbro and is found in all 
features, just as witnessed in field observations. However, syenite is restricted to sills and 
conduits. Field observations by Williams (1983), Delaney and Gartner (1997), and Richardson et 
al. (2015) support this by reporting syenite formations within sills and corresponding conduits 
rather than feeder dikes.  
The AFM diagram (figure 6.10 a and b) supports the TAS diagram in that SRVF plots as 
a calc-alkaline melt. The samples become more alkaline with syenite formation indicating an 
increase in sodium and potassium within syenites. The diagram additionally supports what is 
observed in the TAS diagram in figure 6.10.b where the samples are plotted by feature. The 
change in alkalinity indicates an increase in sodium and potassium which is observable within 
syenites.  
A Pearce Element Ratio (figure 7.3) was used to determine comagmatism within the 
SRVF. As samples are basaltic in origin, Ti, K and P should remain in the melt longer before 
crystalizing out. Thus TiO2/K2O and P2O5/K2O can be used to test comagmatism within a 
system. The SRVF samples cluster, indicating comagmatism within the field. This indicates that 
samples of syenites and shonkinites would have differentiated from each other. This is further 
supported within the Fenner Diagrams (figure 7.4). The Fenner Diagrams relate whole rock 
major element data with the Mg number which was acquired using equation (3): 
                                                             𝑀𝑔# =  
𝑀𝑔
𝑀𝑔+𝐹𝑒𝑇
                                                          (3) 
The diagrams confirm that sanidine, biotite, and hornblende are prominent within syenites due to 
enrichment in AlsO3, NaO, K2O and TiO2 with syenite formation. The mineralogy of shonkinites 
is confirmed with a prominence in olivine and pyroxene due to increases in FeO, and CaO within 
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shonkinite data. Shonkinites are also enriched in MgO, which is shown in the Harker diagram 
(figure 7.5). The Fenner Diagrams additionally represent a continuous differentiation trend. The 
Harker Diagrams for MgO, and P2O5 (figures 7.5-6) support differentiation as well, where 
syenites begin to plot within the shonkinite data as they form from the melt. The comingling of 
syenite and shonkinite data in the Fenner and Harker diagrams additionally promote 
comagmatism within the melt, which is observed in the Pierce Element diagram mentioned 
above.  
Trace element data were normalized to OIB (figure 7.7) based upon the Shervais 
Diagram indicating OIB tectonic origins. The data indicates that across the field, pattern of REE 
spectra is similar, supporting comagmatism. Syenites are slightly more enriched in LREE than 
the shonkinites, giving additional support for differentiation. Data was then normalized to Garnet 
Peridotite (figure 7.8) as it was estimated that there are asthenospheric origins by the Shervais 
Diagram, as well as suggestions that asthenospheric upwelling may have caused the formation of 
eclogite (van Wijk et al., 2010). Garnet peridotite is a close match to what would be found 
underneath the CP in this instance. The data plots indicate an increase in LREE, which supports 
metasomatization of the lithosphere about 20 Ma and resulting asthenospheric upwelling (Li et 
al., 2008; van Wijk et al., 2010; Levander et al., 2011) still impacts volcanism as recent as 4.6 
Ma. This hydration would also be one explanation for H2O volatiles within the system to allow 
for biotite and hornblende to form. As Naslund (1976) and Philpotts (1976) indicated, when H2O 
is involved there is a greater chance for immiscibility to occur, as it allows for greater variations 
in pressure and temperature requirements in terms of fo2.   
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Comparing the SRVF to volcanic fields within the 
Transition Zone, Basin and Range, and Colorado 
Plateau 
Within this study the SRVF will be compared to various volcanic fields from the NTZ, 
STZ, BRP and CP in order to check for geochemical similarities. The following fields are being 
compared due to apparent similarities to the SRVF, these similarities include monogenetic 
volcanism, location (TZ, CP, BRP), melt composition (alkali or tholeiite), and magma origin 
from the lithosphere and/ or asthenosphere. The volcanic fields chosen to compare to the SRVF 
in this study are: Black Rock Desert Utah, Hurricane Volcanic Field, Utah, Uinkaret, AZ, 
Springerville, AZ and Hopi Buttes, AZ (figure 2.1).  
Black Rock Desert, UT is a monogenetic volcanic field that has erupted basalt, basaltic 
andesite, andesite and rhyolite (Hoover, 1974; Oviatt and Nash, 1988). The field was active from 
1.5 Ma until 800 yr BP and erupted lavas are predominantly tholeiite and contain xenoliths of 
granite (Hoover, 1974; Oviatt and Nash, 1988). The field is geographically close to the SRVF as 
it falls in the NTZ region of the Colorado Plateau and seems directly influenced by the BRP 
(Hoover, 1974; Oviatt and Nash, 1988).  
Hurricane Volcanic Field consists of ten cinder cones with flows that formed around 270 
Ka, and is located in the NTZ (Smith et al., 1999). The field had strombolian eruptions which 
resulted in cinder cones consisting of lapilli, bombs, and blocks (Smith et al., 1999). The field is 
made up of low-silica basanites, basanites and alkali basalts (Smith et al., 1999). Smith et al. 
(1999) found the field to be normative to OIB, which is a similarity found within SRVF. The 
area is found to have parent magmas from the lithosphere, which are identified as lherzolite, and 
partial melting from the asthenosphere, which indicates mantle upwelling (Smith et al., 1999).  
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Uinkaret, AZ is a monogenetic field located on the STZ, just north of the Grand Canyon 
(Best and Brimhall, 1974; Hamblin and Best, 1970). The field was active from 1.2 Ma until 
12,500 yr BP, resulting in basanite, alkali olivine basalts, hawaiite and tholeiitic basalts (Best and 
Brimhall, 1974; Hamblin and Best, 1970).  
 Springerville volcanic field is a monogenetic field located in AZ, it was active from 2.5-
0.4 Ma and resulted in an eruption of alkali basalt, hawaiite, tholeiite and, mugearite and 
benmorite (Condit et al., 1989; Crumpler, 1989). Springerville is considered a TZ volcanic field, 
particularly in the STZ, however it is located on the point where there is also a transition between 
the BRP and the Rio Grande (Condit et al., 1989; Crumpler, 1989). It has a transition from 
tholeiitic to alkaline rocks, which is a trait of TZ volcanism in the CP (Condit et al., 1989; 
Crumpler, 1989). The field is made up of cinder cones and domes, and based on vent location 
and age, the field becomes younger eastward (Condit et al., 1989; Crumpler, 1989).  
Hopi Buttes volcanic field is also considered to be monogenetic and was active from 8.5 
– 4.2 Ma (Shoemaker et al., 1962; Wenrich, 1989). The composition of the field does differ from 
SRVF in that although it is an alkali basalt there is a significant lack of orthopyroxene, 
plagioclase and hornblende formation (Shoemaker et al., 1962; Wenrich, 1989). However the 
basalts found in the field are enriched in H2O, P2O5, and TiO2, they also have phenocrysts of 
biotite and contain olivine and clinopyroxene (Shoemaker et al., 1962; Wenrich, 1989). At Hopi 
Buttes dikes and necks are also present (Shoemaker et al., 1962; Wenrich, 1989) which would be 
interesting to compare to SRVF dikes and conduits as it would allow for a comparison between 
the exposed dikes and sills of SRVF and Hopi Buttes, rather than just the erupted material. 
However there is an interesting petrological difference between the two fields, as the SRVF is 
found to have orthopyroxene, hornblende, biotite, plagioclase, sanidine and olivines present.  
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To confirm that the SRVF is part of TZ volcanism it was necessary to compare it to 
volcanic fields from the TZ, BRP and CP. This was conducted using the Shervais Diagram and 
Spider Diagram. CP data is taken from Hopi Buttes, AZ (Fitton et al., 1988). Southern TZ (STZ) 
data is taken from Springerville, AZ (Fitton et al., 1988) and Uinkaret Volcanic Field, AZ (Crow, 
2011). Northern TZ (NTZ) data is taken from Hurricane Volcanic Field, UT (Best and Brimhall, 
1974) and Black Rock Desert, UT (Kempton et al., 1991). BRP data is taken from an average of 
97 analysis done by Fitton et al. (1988) and Potrillo Field, NM (Fitton et al., 1988). This allowed 
for an even spread for comparison. TZ volcanism usually transitions from tholeiitic to alkaline 
(Condit et al., 1989; Crumpler, 1989) and should have geochemical signatures indicating 
asthenosperic and lithospheric origins (Levandar et al., 2011, van Wijk et al., 2010; Li et al., 
2008). Data was plotted on a Shervais diagram (figure 7.1) to compare tectonic settings and 
normalized to OIB in order to determine additional tectonic and geochemical similarities. The 
TZ data falls in line with the SRVF data, indicating they too have similar magmatic origins from 
the lithosphere and asthenosphere. Data from the CP and BRP fall primarily within the 
OIB/Alkali Basalt region indicating they have primarily lithospheric origins. That the TZ data 
and SRVF data coincide indicates that it is TZ volcanism. The data were then plotted on a spider 
diagram normalized to OIB (figure 7.7). The diagram indicates that SRVF and TZ data is the 
most similar in comparison to OIB. In particular the NTZ data is the most alike to SRVF. This 
indicates that the SRVF is NTZ volcanism rather than CP or BRP.  
EPMA Data vs MELTS and Geothermobarometers 
EPMA data was plotted on different ternary diagrams by mineral composition. The ones 
that are presented are the pyroxene, feldspars, oxides and olivine ternary diagrams (figures 6.7-
10). Within the Pyroxene Ternary Diagram (figure 6.9) samples cluster predominantly between 
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augite and diopside, with a slight trend toward diopside. This indicates an enrichment in Ca, and 
supports the AFM diagram with a Calc-Alkaline melt. The diagram also supports whole rock 
data that shonkinites should be more enriched in Mg, which is observed in the Harker diagram 
for MgO in figure 6.14, as diopside is the Mg-Ca rich endmember. This additionally supports the 
formation of biotite and amphibole around pyroxenes within syenite samples (figure 7.10). In 
figure 7.10 we observe a pyroxene crystal that appears to be decaying which has allowed for 
biotite to crystallize through it, essentially allowing for Mg cannibalization of the pyroxene. This 
is observed throughout all syenite samples, and is indicative that pyroxenes form within the 
shonkinites initially, and are later unstable and reacting in the new melt composition. (figures 6.1 
and 6.3). This may very well be due to the fact that the pyroxenes were pulled from the 
shonkinites as syenite formed and indicative of the immiscibility process (Philpotts, 1976). 
Pyroxenes can indicate depth of crystal-melt equilibrium (Bowen, 1928) and can be read in a P/T 
diagram using data calculated from the geothermobarometer by Putirka (2008) (figure 7.11). 
From the figure we can constrain that the melt appeared to have sat at pressures between 33 Km 
and about 29 Km as the temperature dropped indicating that pyroxene crystals would have 
formed closer to the base of the crust which is about 40 Km in this part of the CP (Hauser and 
Lundy, 1989; Wilson et al., 2010; Bashir et al., 2011).  
Olivine EPMA data indicates a composition of Fo80-90 which can be observed in figure 
6.8. The compositions indicate that olivine crystallized from a melt that was from a deeper 
source, i.e. the asthenosphere. This supports melt formation at the base of the lithosphere (figure 
7.2), as we are observing geochemical characteristics of asthenospheric and lithospheric melts. 
This is supported by a geothermometer by Putirka (2008). The geothermometer indicated 
crystallization temperatures ranging from 1250 ˚C – 1440 ˚C (table 6.11). When compared to a 1 
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atm phase diagram (Gill, 2010) (figure 7.12), the composition that we observed from the natural 
data indicates the melt should have a composition of Fo64-47 further supporting an asthenospheric 
origin.  
Oxide EPMA data indicated Fe-rich (~85wt% average) magnetite formation (figure 6.10 
and table 6.7). Magnetite is present as ‘bleeds’ around altering olivine and pyroxene. As the melt 
cooled, crystallizing pyroxene and olivine, the residual melt would have had an increase in FeO 
wt%, as pyroxene and olivine are Mg rich. The FeO would predominantly be present in 
magnetite. However, magnetite also contain TiO2 (about 1-2 wt%), which means that TiO2 
cannot be used as a geobarometer with pyroxenes, thus the use of Al2O3 instead as it makes a 
good substitution.  
In summary the olivine phase diagram (figure 7.12) indicates that the parent melt had 
Fo64-47, indicating an asthenospheric melt. Pyroxene and olivine crystal data suggests a higher 
level of Mg from the melt and magnetite have an average of 85wt% FeO content. This indicates 
that the FeO was absorbed mostly by magnetite, with only 12-15 wt% FeO going to biotite and 
amphibole (table 6.5-6). Olivine and pyroxene would have been at equilibrium with the melt at 
about 40 km and 33 km, respectively (figure 7.11 and 7.2).  
Feldspar data is represented in figure 6.7 (unique symbols per sample) and figure 7.13 
(data for shonkinite and syenite). There is an observable trend in both figures, where mineral 
composition changes forms from anorthite to sanidine, indicating an increase in Na as the melt 
evolves from shonkinite to syenite. In general shonkinites have plagioclases and no potassic 
feldspars, whereas syenites will have both. Feldspars found within shonkinites tend to be Ca-rich 
such as anorthite and labradorite. Feldspars within syenites tend to be Na-rich and potassic, such 
as sanidine, andesine and bytownite.  
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 I then compared feldspar natural data to the feldspar melts data I acquired using 
Rhyolite-MELTS modeling (figure 5.1). Specified pressures and temperatures were chosen as 
well as falling intervals, and fractional crystallization implemented. The runs were conducted 
from 1kbar – 27 bars in order to represent the intrusion of the melt into the dikes and sills as well 
as resulting cooling and mineral formations. Temperatures ran from ~1350-1100˚C (depending 
on the liquidus) until 650˚C in order to get as close to 5% remaining melt as possible and allow 
for a completely liquid melt to intrude and cool. The results were plotted on a feldspar ternary 
diagram and overlayed with the natural data for comparison (figure 7.14). Other runs were 
conducted without the crystal fractionation setting, however these did not match the natural data 
as well and can be viewed in figure 6.11. Since data with fractional crystallization best correlates 
with natural data it supports fractional crystallization as being part of the differentiation process 
at the SRVF. As it is supposed that differentiation occurred in-situ, fractionalization could have 
occurred within the sills as it can be assumed the melt would have remained stored for a period 
of time to allow for two rocks to form. Further support of differentiation within the sills comes 
from the model producing feldspars, biotite and spinels at shallower depths, close to 800 m – 
which is the depth that sill formation is found (figure 7.2). There was also recrystallization of 
pyroxene and olivine, supporting the theory by Philpotts (1976) in which syenite, as it 
differentiates, takes all fully formed crystals, leaving the shonkinite with crystal nucleus’ to 
reform, thus explaining the crystal size difference between the two rocks. The data additionally 
supports differentiation as we can observe syenites beginning to form as potassic and sodic 
minerals become more prominent.  
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Other Volcanic Fields Where Immiscibility has been 
investigated  
I compared the SRVF to other known fields with evidence of immiscibility so that I could 
compare similarities between what has occurred in my field and other volcanic fields. These 
known fields were chosen because they had evidences of immiscibility present within sills or sill 
like bodies. These volcanic fields include: the Skaergaard Intrusion, Greenland; North Mountain, 
Nova Scotia; the Shonkin Sag region, Montana; and the Big Bend region, Texas. To compare the 
fields I plotted them on a Shervais diagram (figure 7.1) to check tectonic setting, plotted them in 
a Pearce Element Ratio diagram (figure 7.3), and plotted them on the immiscibility diagram 
(figure 7.19).  
When compared on the Shervais Diagram (figure 7.1) the tectonic settings were not 
congruent. This indicates that tectonic setting is not important for the process of immiscibility to 
occur. The Shonkin Sag region, Montana has been thought to be a result of a metasomatized 
lithosphere and asthenospheric upwelling due to previous Farallon Plate subduction as well 
(O’Brien et al., 1991), which is supported by the Shervais Diagram where the data plots 
MORB/BAB and Alkali basalt. It may not be exactly the same as SRVF, but it is similar. North 
Mountain is part of the Central Atlantic Igneous Province (CAMP), and was formed as the 
Atlantic Ocean opened, indicating that it could be due to extension resulting mantle upwelling, 
which is made evident by the diagram where it plots in a tight cluster in the MORB/BAB region. 
The Skaergaard region is a layered intrusion in Greenland. The data plots all over, and the 
samples from the region are from a layered intrusion thought to be the result of one pulse 
(Humphreys, 2010), like the sills of the SRVF being one event per sill (Gudmundsson, 2012). 
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However due to its location in Greenland it is possibly a result of lithospheric thinning, and arc 
magmatism.  
The Pearce Element Ratio (figure 7.3) was used to infer comagmatism within a volcanic 
setting. All four fields have basaltic magmatism like SRVF. This means that they would have 
had P2O5, K2O, and TiO2 in the melt longer as crystallization occurred. The ratio indicates that 
the melts leading to the two rocks in the Skaergaard intrusion are not comagmatic. However the 
intrusion at Skaergaard formed in one event (Humphreys, 2010), so the two immiscible melts 
would have ascended together, never completely mixing before intruding the country rock. North 
Mountain has a clustered trend, indicating that the two rocks types are comagmatic and 
originated from one melt source. North mountain immiscibility is different from SRVF, as the 
immiscibility happened in sill like bodies, but also as bands of rhyolites in lava flow units 
(Kontak et al., 2002). The Shonkin Sag rock compositions also cluster, indicating the melts are 
comagmatic. The cluster itself is very similar to the SRVF data. The Shonkin Sag region sills and 
laccoliths have evidence of immiscibility in the same way as SRVF – as syenite enclosed within 
shonkinite within the sills (Kendrick and Edmond, 1981). The tectonic setting is similar as well, 
with both fields being hypothesized to be due to a hydrated lithosphere and mantle upwelling 
(O’Brien et al., 1991). Big Bend Region data plots in a tight comagmatic cluster. The field 
closely match the data of the SRVF. The Big Bend region also has large bodies of syenite 
enclosed within a mafic material (monzonite) in the sills (Carman 1975, 1994). Based upon the 
studies these data come from, with the exception of the Skaergaard Intrusion, the same process is 
made evident for the rest of the fields – they are all due to one melt source.  
I used the Immiscibility Diagram by Roedder (1978) (figure 7.9) to determine if the 
samples from SRVF were immiscible. According to Roedder (1978) a melt’s ability to reach the 
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immiscibility field and become two liquids is based upon the composition, temperature, pressure 
and volatiles in the magma. Roedder (1978) also suggest that the major determinations from this 
involved fo2, and particularly H2O volatile involvement. The data from the SRVF falls within the 
original zone of immiscibility (the dotted line). This indicates that syenite and shonkinite would 
have differentiated from each other. The separation of the two sample bodies into syenite and 
shonkinite indicates that though they are immiscible they do have two separate compositions. In 
addition the separation of the data further supports comagmatism within the field and that syenite 
separates from shonkinite, which is originally seen in the Fenner Diagrams.    
I went on to then compare the SRVF to the other volcanic fields on the immiscibility 
diagram by Roedder (1978) (figure 7.9).  All of the fields plot within the field of immiscibility. 
With the exception of Skaergaard they plot pretty tightly, further supporting comagmatism 
within their separate fields. Shonkin Sag and Big Bend data both plot along the same trend as the 
SRVF data, with North Mountain plotting right above it. This indicates similarities, 
geochemically, between their data sets. This could be due to the fact that both Shonkin Sag and 
Big Bend have syenites present within their sills enclosed by a mafic material (Kendrick and 
Edmond, 1981; Carman, 1975, 1994). The authors of the studies conducted at these volcanic 
fields mention a situation where one melt split into two, hypothesis supported by the 
Immiscibility Diagram (7.9) Big Bend was determined to have had an intrusion that split in situ 
within the sill, forming syenite and monzonite, with fractional crystallization being prominent 
(Carman, 1975, 1994). Shonkin Sag was determined to have a similar occurrence at Square 
Butte, where there was an intrusion which as it cooled differentiated, forming a more felsic 
residual liquid that is syenite (Kendrick and Edmond, 1981).  
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In summary there does not appear to be a preferential tectonic setting for immiscibility to 
occur (figure 7.9). However, what is important in causing the process of immiscibility is 
volatiles, pressure and temperature. Each of these fields has evidence of immiscibility occurring 
within shallow sills or flows. In the case of Shonkin Sag and Big Bend, where syenites formed, 
biotite and amphibole are present, indicating magmatic water was necessary (Kendrick and 
Edmond, 1981; Carman, 1975, 1994) just as what we observe at the SRVF. The main evidence 
of immiscibility process affecting igneous rocks is the presence of two syn-eruptive but 
compositionally distinct formations mingled together. Within North Mountain where basaltic 
flows and dikes with rhyolites formations, evidence of immiscibility was found in the form of 
quenched glasses as well as skeletal pyroxenes and feldspars in addition to the rhyolite bands 
(Kontak et al., 2002, 2002). At Skaergaard the evidence of immiscibility was having an andesitic 
bottom layer, a dacite middle layer and andesitic top layer, essentially the dacite differentiated 
out forming the middle layer (Humphreys, 2010). Additionally, there are traces of interstitial 
glass, apatite, Fe-Ti oxides and clinopyroxene (Humphreys, 2010). Within each layer 
Humphreys (2010) compared plagioclases and found a compositional trend, which indicates 
immiscibility.  This supports the process of immiscibility occurring at the SRVF, where we have 
evidence of magmatic water involvement and two distinct formations. The similarities within the 
immiscibility diagram (figure 7.9) and the Pearce Element Ratio (figure 7.3) between the fields 
further supports the presence of one melt at the SRVF which would have differentiated in situ 
through the process of immiscibility rather than two separate intrusions.                                                                                                                                                                                                                                                             
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Figure 7-1 Shervais Diagram for Geologic Field Comparison. The Shervais Diagram is comparing data from surrounding fields 
in the CP, TZ and BR. The diagram is being used to further investigate similarities between the types of volcanism. The Diagram 
indicates that the TZ data bests matches the data from SRVF, which indicates it is TZ volcanism rather than CP volcanism. 
Comparing SRVF against other regions of Immiscibility. The data was plotted in order to compare tectonic settings between the 
fields. Both North Mountain and Shonkin Sag plot as MORB and BAB indicating asthernospheric melt sources. Shonkin Sag also 
plots along the OIB and alkali basalt line, also indicating there could be lithospheric origins as well, which indicates similarities 
to SRVF. North Mountain plots along the Arc Tholeiite line, possible arc magmatism origins as well, which would be due to its 
geographic closeness to the BRP and subduction zone. The Skaergaard intrusion plots within the OIB zone, indicating 
lithospheric origins, and also plots within the MORB and BAB, indicating asthenospheric origins for some samples. 
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Figure 7-2 Representation of emplacement at the San Rafael Volcanic Field.
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 Figure 7-3 PEarce Element Ratio. SRVF data plots within a cluster indicating that it is comagmatic within its field. For Comparison with regions of immiscibility 
the ratio shows us that data for the Scaergaard intrusion is not comagmatic, which supports that it is two separate source materials that came together at a high 
enough temperature and pressure to meld until storage. In this figure the diagram has been zoomed in to make the rest of the data sets visible. North Mountain, 
Nova Scotia clusters in a straight line, creating a trend, indicating comagmatism within the field. Big Bend, TX also clusters, but more like SRVF than North 
Mountain, indicating comagmatism as well at Big Bend. Shonkin Sag also clusters indicating it is comagmatic as well within the field. San Rafael data has a similar 
trend to Shonkin Sag and Big Bend. This further supports SRVF being comagmatic within the field, indicating they formed from the same process. 
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Figure 7-4 Fenner Diagram. Diagram represents the differentiation of syenite from shonkinite. Kinks represent the 
fractionation of minerals in the melt.                                                                                                                                                                                                                                              
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Figure 7-5 Harker Diagram - SiO2 vs MgO. Trend indicates a decrease in MgO as SiO2 increases. Mafic material has an 
enrichment in MgO, which would be due to pyroxene and olivine formation. It is also observable that syenite separates out of 
shonkinite as SiO2 increases, supporting differentiation. 
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Figure 7-6 Harker Diagram - SiO2 vs P2O5. Can observes enrichment in P2O5 in the shonkinite and a decrease as syenites 
would have differentiated out. 
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Figure 7-7 SRVF and other regional fields normalized to OIB. SRVF plots closely with OIB indicating lithospheric origins. In 
addition, in order to determine volcanic setting, regions surrounding the SRVF (TZ, CP and BR) were plotted alongside. The 
diagram indicates that SRVF is most agreeable with regions from the TZ, particularly the NTZ. This is indicative of TZ volcanism 
rather than CP volcanism at the SRVF. 
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Figure 7-8 SRVF Normalized to Garnet Peridotite. The samples from the SRVF have been normalized to Garnet Peridotite as 
another option for a parent magma. The Samples from SRVF appear to be hydrated, this would be due to previous subduction of 
the Farallon Plate which would have led to metasomatization of the lithosphere and result in rollback, drip and asthenospheric 
upwelling. This supports the theory by Levander et al. (2011). It also indicates a reason for H2O volatiles within the melt and the 
presence of Biotite and Amphibole in the natural samples. The diagram additionally shows that SRVF is agreeable with Garnet 
Peridotite indicating that SRVF has asthenospheric origins as well as lithospheric. 
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Figure 7-9 Immiscibility Diagram based off of Roedder (1978). Diagram represents a field of immiscibility (dotted oval) and an 
extension by Fitton in 1978 (the solid line) which indicates an increase in Mg and P2O5. The SRVF samples plot within the field 
of immiscibility. They plot close supporting comagmatism. However they also form two separate bodies, indicating they are 
compositionally independent. . Data from North Mountain plot as a tight cluster also indicating immiscibility. The Shonkin Sag 
and Big Bend data best resemble the San Rafael data, further supporting San Rafael being a product of immiscibility. All data 
plot within the immiscibility field, indicating they are immiscible. With the exception of Skaergaard all data sets are also 
comagmatic.   
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Figure 7-10 FP-05B thin section. The thin section image displays the propagation of biotite crystals around decaying pyroxene 
crystals. 
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Figure 7-11 P/T Diagram. The diagram compares Pressure and Temperature data acquired from Keith Putirka’s 
Geothermobarometer. The data shows that the pyroxenes would have sat to form, at depth, which would indicate that crystals 
began to propagate while the parent formed at the base of the lithosphere. 
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Figure 7-12 Olivine Phase DIagram. This diagram represents temperature measurements based off of Fo content in the olivine 
crystals that were probed during EPMA. The diagram is at 1 atm, and is with the ideal of a purely olivine melt.  However, it can 
be used to determine melt composition, which at Fo80-90 the melt can be determined to be Fo64-47. This indicates asthenospheric 
properties, and supports melt formation at the base of the lithosphere 
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Figure 7-13 Feldspar Classification Diagram split into syenite and shonkinite. The field indicates that shonkinites predominantly 
form calcium rich plagioclase, whereas syenites form potassium and sodium rich feldspars and plagioclase. These include 
Bytownite because Na and Ca are interchangeable within the chemical formula 
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Figure 7-14 Feldspar Classification Diagram, EPMA vd MELTS data. The Feldspars Classification Diagram shows both 
MELTS and natural data compared to each other. The data is split into syenite and shonkinite. The MELTS data follows the 
same trend as the natural data, and mimics the data almost exactly. This shows the trend of evolution within the magma as it 
would have cooled and crystals propagated within storage. 
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8. Conclusions 
1. The San Rafael Volcanic Field is part of Transition Zone Volcanism. This is supported 
by the comparison of the San Rafael Volcanic Field to other volcanic fields located 
within the Colorado Plateau, Transition Zone, and Basin and Range Province. When 
normalized to Ocean Island Basalt and compared, the San Rafael Volcanic Field was 
geochemically similar to Transition Zone volcanism rather than Colorado Plateau or 
Basin and Range. Tectonically, which was shown with a Shervais Diagram, the San 
Rafael Volcanic Field is the most alike to other Transition Zone volcanic Fields which 
also have lithospheric and asthernospheric signatures. The AFM diagram also indicates 
that the San Rafael Volcanic field is alkaline, and becomes more alkaline as it changes 
from shonkinite to syenite. The same is seen in the TAS diagram, however the data was 
observed to be close to the tholeiitic magma line, which is indicative of Transition Zone 
magmatism as this is a common signature found amongst the other volcanic fields such as 
Springerville Volcanic field and San Francisco Volcanic Field.  
2. The San Rafael Volcanic field is the product of a melt that has signatures from the 
asthenosphere and lithosphere. This was supported by a Shervais Diagram which showed 
the San Rafael Volcanic Field fell within the MORB/BAB tectonic setting and the OIB 
tectonic setting which indicated a lithospheric and asthernospheric melt and supports a 
magma that would have formed at the base of the lithosphere due to magma upwelling. 
The data was additionally normalized to OIB and garnet peridotite in spider diagrams. 
The OIB matched geochemical signatures of the field, indicating that the field was 
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lithospheric in origin, however it also matched the garnet peridotite indicating 
asthernospheric origins. The samples were enriched in LREE which indicates that the 
lithosphere had been metasomatized during subduction 30 Ma ago. This indicates that the 
magma would have formed at around 120 Km deep, supporting the theories of vanWijk 
et al. (2010), Levander et al. (2011) and Porter et al. (2017) in which the origin of the San 
Rafael magmas came from a metasomatized lithosphere and asthernospheric upwelling. 
This is further confirmed with olivine EPMA data, which indicates a composition of Fo80-
90 which suggests an asthernospheric source. The geothermometer by Putirka (2008) 
indicates a similar composition in olivines, Fo85-87, as well as indicate temperatures for 
crystallization to be between 1200 C and 1450 C, which would indicate that 
crystallization would have occurred in the crust as the asthenosphere was trapped due to a 
buoyancy change. Pyroxene data further supports this with Putirka (2008) 
geothermobarometer, which indicates that pyroxenes would have begun to crystallize 
between 1100 and 1200 C at a depth of about 33 Km. This again supports that the melt 
would have pooled for a short period allowing for some crystallization to occur. However 
this isn’t the only time that pyroxene would have formed, MELTS data indicated that 
pyroxenes would have continued to form within the sills of the San Rafael Volcanic 
Field, which is where fractional crystallization would have occurred allowing it to 
crystalize out of the melt. 
3.  Each individual sill in the San Rafael Volcanic Field is the result of one melt intrusion, 
rather than multiple intrusions. Field data collected by Richardson et al (2015) also 
indicates that the oblong shape of the SRVF sills indicates a single sill forming event, 
which supports melt differentiation in situ. The melt itself originates from one single 
151 
parent source rather than two melts coming together, similar to what is seen at the 
Skaergaard intrusion. This was deduced from the Pearce Element Ratio diagram, which 
indicated that the different rock compositions in the SRVF were comagmatic. This is 
supported by geochemical data from other fields, such as Shonkin Sag, Montana and Big 
Bend, Texas, plotting in a similar pattern. These fields had very similar trends to the San 
Rafael Volcanic Field, and the authors of the studies pertaining to those fields indicated a 
singular magma source as well.  Shonkin Sag Montana is also hypothesized to have 
originated from a hydrated lithosphere and asthernospheric upwelling, which also 
resulted in the formation of syenite and shonkinite. From the TAS and AFM diagrams for 
SRVF we can infer that syenites differentiate from shonkinite, which is also evident in 
the Fenner diagrams. This is indicated by syenites beginning to form within shonkinite 
sample data and then separate. This was additionally supported by the spider diagrams, 
when normalized to OIB both shonkinite and syenite data had a similar REE spectra 
across the field, supporting comagmatism, however the syenites were slightly more 
enriched than the shonkinites which suggests differentiation. The TAS and AFM 
diagrams also suggest that syenites are prominent within the sills and conduits, not in the 
feeder dikes, which is observed in the field as well. This indicates that the formation of 
syenite and shonkinite at the San Rafael Volcanic field separated in situ within the sills. 
With Rhyolite-MELTS data supporting fractional crystallization and the presence of 
biotite and amphiboles supporting water volatiles being involved due to a hydrated 
lithosphere, evidence suggests that the formation of syenite and shonkinite at the San 
Rafael Volcanic Field is due to the process of immiscibility. When plotted on the 
immiscibility diagram by Roedder (1978) the samples clustered within the immiscibility 
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field, indicating that the syenites and shonkinites are comagmatic, and immiscible. The 
slight separation of the two rock types also infers that they are compositionally 
independent. Other volcanic fields that had been the subject of previous studies for the 
process of immiscibility similarly plot within the immiscibility field. Each of these fields 
have similar trends to San Rafael, and the authors of their individual studies all seem to 
have found similar occurrences – water involvement, distinctly separate formations 
within an intrusion resulting from in-situ differentiation, and fractional crystallization 
being prevalent. Therefore it can be concluded that at the San Rafael Volcanic Field 
magma storage within the sills promoted crystallization and cooling which allowed for an 
intermediate residual liquid to form and separate, creating syenite and shonkinite 
formations.  
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